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ABSTACT 
Chemical shielding tensors (CST) which are obtained by solid state nuclear 
magnetic resonance (NMR) spectroscopy is encoded with valuable structural 
information. This thesis focuses on the application of theoretical calculation of CST 
method to the determination of local structure and conformation of phosphorus 
containing molecules. The local structure is calculated from the principal values of 
CST obtained from powder sample data available in the literature. The conformations 
of molecule are determined based on the side group interaction (SGI) energy. 
A series of phosphorus compounds, (1 -hydroxyalkyl)dimethylphosphine 
sulfides (Me2P(S)C(OH)R R ), were selected to evaluate the proposed methodology. 
Three models (Mod-1, Mod-2 and Mod-3) were developed for treating the calculated 
CST, which were used to calculate the local structure. For Mod-1, the calculated CST 
were directly used to calculate the structure. For Mod-2, the calculated CST were 
modified by the correction factors obtained from the comparison between calculated 
and experimental CST of 23 phosphorus compounds. For Mod-3, the calculated CST 
were modified by the linear equation obtained from the plot of calculated CST versus 
experimental CST of 23 phosphorus compounds. Results obtained from the three 
models showed that there was a significant difference of the dihedral angle between 
the optimized local structure and the X-ray structure. It suggests that conformations 
which co-exist in powder contribute significantly to the experimental CST. Results 
obtained from conformation determination showed that the “average structure", 
iii 
manifested through CST，of conformers was closer to the powder structure when 
comparing with the corresponding X-ray structure. 
For the phosphorus compounds selected in this study, inter-molecular 
hydrogen bonds (0-H---S and C-H---S) formation are highly plausible. These 
hydrogen bonds are shown to exert influences on the principal values of CST, 
especially for interactions aligning closely along the orientation of CST. 
Twelve basis sets together with the density functional theory (DFT) and the 
Hartree-Fock (HF) method were evaluated using 23 phosphorus compounds. The 
calculated CST were compared against experimental CST. It was established that 
B3LYP/6-31G(2d) produced the best result for
 31
P chemical shielding calculation. It 
was further found that a 2 ppm experimental error would result in 0.007 A 
inaccuracy in bond length, 0.8 degrees in bond angle and 10 degrees in dihedral 
angle. 
The proposed methods were applied to the analysis of tetramethyldiphosphine 
disulfide (TMPS), 1,3,5-trimethoxybenzene (1,3,5-TMB) and 1,4-dimethoxybenzene 
(1,4-/DMB). For TMPS, it has two phosphorus atoms and the small molecular size 
allows the whole structure to be determined. It was found that the optimized structure, 
including the dihedral angles, was close to the X-ray structure. In the determination 
of conformation, the average of the dihedral angle (S-P-P-S) of the conformations 
shows a good agreement with the optimized structure. For 1,3,5-TMB and 1,4-DMB, 
three types of carbon atoms (methoxy carbon and ring carbon with and without 
substituent) were selected for the calculation of the local structure. For the benzene, 
iv 
the delocalization of the ring affects the ring carbon, rendering local structure 
determination not applicable. Results from the two proposed methods show that the 
methods of local structure determination and conformation determination can be 
applied to phosphorus and carbon nuclei. 
V 
摘 要 



















本論文採用了密度泛函理論（density functional theory)和哈粹-弗克方法 
(Hartree-Fock method)，並用12個基底函數組分別對23個磷化合物來計算化學 
屏蔽張量。計算結果跟實驗結果進行比較，結果發現採用B3LYP/6-31G(2d)對 
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1.1 Molecular Structure Determination 











. Molecular structure involves 
more than the atomic connectivity. It also shows the three-dimensional spatial 
arrangement of atoms. Molecules, having the same atomic connectivity, have 
different chemical or physical properties if they have different three-dimensional 
spatial arrangement of atoms. It indicates that there is some kind of relationship 
between the structure and the properties of the molecule. Structure determination 
aids to investigate such relationship and vice versa. 
1.2 Methods for Structure Determination 
Different structural information can be extracted by different methods. For 
precise geometry determination, nuclear magnetic resonance (NMR) spectroscopy 
and X-ray diffraction (XRD) are the most common methods. However, they are 
time-consuming and have limitation. Fortunately, a precise structure description is 
not necessary for some interesting compounds. A number of time-saving structural 
characterization techniques are capable to examine the structure at certain degree. 
Infrared (IR) spectroscopy and electron microscopy (EM) are commonly used 
technique. 
1.2.1 Infrared (IR) Spectroscopy 
IR spectroscopy is a technique based on the vibrational motions of molecule 
-1 -
[15]
. One of the great advantages is that any sample at any state can be studied. 
Furthermore, only small amount of sample (-0.1 mg) is sufficient. It is widely used 











. It characterizes not only the bonding types 
existed in the molecule, but also the inter-molecular interaction between molecules, 
especially hydrogen bond
 1
 — . 
1.2.2 Electron Microscopy (EM) 
E M is a powerful tool in study ultrastructure. It is a technique based on the 
interaction between electron and matter. In transmission electron microscopy (TEM), 
both electron diffraction and imaging technique are employed together to obtain the 






. Besides electron diffraction, the 
matter-electron interaction generates X-rays. Since bombardment of different 
elements with electrons gives rise to the characteristic X-rays emission, elemental 
analysis is possible by scanning the energy or wavelength of the emitted X-rays. 
Analytical electron microscopy (AEM) is a technique which makes use of this 
principle. It is capable of determining the composition of small regions of solid 





1.2.3 X-ray Diffraction (XRD) 
X R D is one of the widely used techniques in solid structure determination. 
Since the wavelength of X-rays is of about 1 人（10
-10
 m), it can be scattered by 
electron cloud of atom of comparable size. Hence it is capable of probing structure at 
the atomic level. Electron density can be constructed from the diffraction pattern. 
Single crystal X-ray diffraction is recommended if the crystal of compound is 
- 2 -
available. In reality, there are many compounds for which no single crystals are 
easily available. X-ray powder diffraction (XRPD)
 [ 1 2 4 ]
 is one way to picture the 
structure of these compounds. However, structure determination from powder 
diffraction is more difficult than that from single crystal diffraction because the three 
dimensional information present in crystal is hidden by the random orientations of 
the molecules in powder. Fortunately, X R P D technique has rapidly developed over 




]. Nowadays, it is 
possible to probe the protein structure from powder sample
 [125]
. X R P D is a useful 
tool in solid state chemistry
 [ 1
'
2 9 _ L 
1.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 
N M R spectroscopy is widely used in scientific research, especially in 
chemistry





. It is based on the interactions of the 
nuclear magnetic moment with electromagnetic radiation. It gives a variety of 
structural information. Chemical shift indicates chemical environment of the nucleus. 
‘ Integration reflects the number of nuclei that gives rise to the peak. Splitting shows 
the number of magnetically inequivalent nuclei, and J-coupling constant gives the 




. In nuclear 
Overhauser effect (NOE) experiment, the distance between nuclei can be obtained by 
measuring the intensity of N O E cross peak
 [ u ]
. Since X-ray crystallography is 
restricted in solid sample, N M R is more useful in structure characterization. It can be 
used for sample in solid, liquid, and even in gaseous states. In addition, the hydrogen 
position can be measured. 
- 3 -
1.3 Solid State N M R Spectroscopy 一 Chemical Shielding Tensor 
Solid state N M R is capable of obtaining more structural information than 
solution state N M R . Instead of chemical shift, solid state N M R measures chemical 
shielding tensor (CST) which depends on the orientation of molecule and reflects 
strongly the local geometry. Hence, anisotropic interactions, which vanish in solution 
due to fast molecular tumbling, can be studied. In solid state N M R , powder sample is 
more usual to deal with. Figure 1.1 shows a typical powder pattern. 
‘ X V 
I i 
1 1 1 /,[ 1 { J I M M i \ I I 
Figure 1.1. Typical powder pattern of chemical shielding tensor, (copied from Gorenstein, 
D.G.” Phosphorus-31 NMR: Principles and Applications, Orlando, Fla.; London: 
Academic Press, NY, 1984, Page 407.) 
The broad peak is due to the random orientation of molecules and the dipolar 





 i 2 shows the effect of M A S . For dilute spin /= 1/2 nucleus, it has 
very low sensitivity. M A S is usually combined with cross polarization (CP) 




 is commonly used 
technique in solid state N M R . It not only enhances the sensitivity, but also obtains a 
simple spectrum. 
- 4 -
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Figure 1.2. Simulated spectra showing the effect of M A S on the anisotropic lineshape due to 
an anisotropic interactions, (copied from Hodgkinson, P.; Emsley, L. Journal of 
Chemical Physics, 1997, 107, 4808-1816) 
Same as chemical shift, CST is also sensitive to the molecular structure. The 
structural information is reflected by the orientation and values of CST. The 
orientation of CST is related to the symmetry of molecule in some extent. For planar 
molecules with mirror symmetry plane, at least one CST orients perpendicular to the 
molecular plane
 [140]
. Such directional property is very valuable for the direct 
correlation between CST and structure. 
-5 -
1.4 Scope of This Thesis 
The scope of this thesis is to introduce the methodologies to calculate the 
local structure from the
 3 1
P CST powder data obtained by solid state N M R and to 
determine the possible conformations of phosphorus containing compounds present 
in powder based on the side group interaction energy. 
- 6 -
CHAPTER TWO 
PRINCIPLE AND THEORY 
2.1 Introduction 
This chapter provides a theoretical background to the work that described in 
later chapters. The concept of chemical shielding tensor (CST) is first introduced and 
followed by the discussion of density functional theory (DFT). After that, molecular 
mechanic ( M M ) which is used in conformation search is discussed. Finally, 
isodesmic reaction, method used to calculate the side group interaction energy, is 
introduced. 
2.2 Chemical Shielding Tensor (CST) 
2.2.1 Basis of Nuclear Magnetic Resonance 
For a nucleus with non-zero spin quantum number I, the Hamiltonian H in 
a static magnetic field B
0
 applied along z-direction is 





where jl is the nuclear magnetic moment operator, I
z
 is the nuclear spin operator 
along z-direction, y is the magnetogyric ratio of the nucleus interested and fi is the 
Planck's constant divided by 2n. The eigenfunction of H 
H|/,m) = E
/ j m
 \l,m) [2.2] 
- 7 -
contains the wavefunction /,m) describing the possible states of the spin system 
in the Bo field. Here, m is the magnetic spin quantum number and has the following 
values: 
w =/,/-1,/-2,...,-/ [2.3] 
The energy of the eigenstate \l ,m) is the eigenvalue of the equation [2.2] and has 
the value: 
Ej,m = -ynB0m [2.4] 
The transition energy, AE, between two neighboring eigenstates is -y 方 B
0
. In order to 
simulate the transition, radio frequency which is perpendicular to B0 is applied. The 
absorption of energy is detected and is transformed to a spectral line called resonance 
signal. This is the basis of nuclear magnetic resonance (NMR). 
2.2.2 Theoretical Description of C S T 
In reality, nucleus is not isolated. In N M R experiment, there are many kinds 
of nuclei existed in the sample. Hence, B0 is not the only interaction on the nuclei 
interested. In fact, magnetic fields internal to the sample are built up by other nuclei. 
It results in changing the resonance frequency of the nucleus. 
When a sample is placed in B0，the local magnetic field Bl0Cai of the nucleus is 
not equal to B0. It is modified by a small field arising from the electron motion 
around the nucleus which is induced by B0. The small field is directly proportional to 
- 8 -
Bo. After the modification, the B|0Cai becomes 
B丨
oca
丨-(1-a) Bo [2.5] 
The proportionality constant a is the chemical shielding tensor (CST). Equation [2.5] 
indicates that the resonance frequency for the same kind of nucleus is different if the 
shielding environment is different. The orientation dependent CST can be described 





















Equation [2.6] can be diagonalized if an appropriate coordinate system is chosen. 
f a a g ^ f ^ l l 0 0 ) a xx a xy ° xz 11 





z y ^ z z J V 0 0 a 3 3 J 
This coordinate system is called principal axis system (PAS). The relationship 
between the laboratory system (x, y, z) and the PAS (1, 2, 3) is shown in Figure 2.1. 
- 9 -
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Figure 2.1. Magnetic shielding tensor represented by an ellipsoid in the laboratory system (x, 
y, z) and the PAS (1, 2, 3). [Copied from Blumich, B., Solid-State NMR I: 
Methods, Berlin; Hong Kong: Springer-Verlag, 1994, pi3.] 
an, G22, and a
3 3
 are called the principal values of CST. According to the definition 
[21]








 is the least shielded component and a
3 3
 is the most shielded component. The 
three angles (a, (3 and y) defined in Figure 2.1 are called the Euler angles which 
shows the orientation of CST. 
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2.3 C S T Calculation 
2.3.1 Ramsey's Theory 




\ in which second order 






〜 = [2.9] 
where a, (3 = x, y, z and g indicates the gauge dependent terms. The expressions for 
the four terms in equation [2.9] are 
. 々 ^ 〈 O l f d [2.10] 
8 7rm i r： 
小 ^ � o d 7 % � [2.11] 





















where ji。is the permeability of free space, rj is the position vector of electron i with 
respect to the origin of the Cartesian coordinates, /j =rj x p^ is the orbital angular 
momentum operator, with p the linear momentum operator, the Kronecker delta 
5
a
p = 1 if a = P and 0 if a关P，|o) and |n) denote the electronic ground state and 
excited state respectively, the alternating tensor 8p
Y5
 = 1 if |3y5 is an even permutation 
. of xyz, 一 1 if (3y5 is an odd permutation of xyz, and 0 if any two of |3, y or 5 are 
identical. In equation [2.11] and [2.13], R is the vector separation between the origin 
of the Cartesian coordinates and the origin of the vector potential of the applied 
magnetic field. 
The diamagnetic contribution described by equations [2.10] and [2.11] 
3 . 
depends only on the electronic ground state. The dependence on r「shows that it is a 
local contribution, arising mainly from the core electrons surrounding the nucleus. Its 
value is always positive, leading to increased in shielding. The paramagnetic 
contribution described by equations [2.12] and [2.13] depends on the electronic 
. excited state. Same as diamagnetic contribution, the r[
3
 factor shows that it is also a 
local contribution. Electrons near the nucleus are important in determining the 
diamagnetic terms. Its value is usually negative, leading to decreased shielding. The 
orientation dependence of paramagnetic terms is stronger than diamagnetic terms. 
Hence the deshielding effect is usually the consequence of paramagnetic 
contribution. 
' - 1 2 -
2.3.2 Gauge-including Atomic Orbitals (GIAO) Method 
The calculation of CST is suffered from the gauge problem [
2
， ]，i.e. the 
value of CST depends on the selection of the origin of the gauge for approximate 
wavefunctions. It is a consequence of using finite basis in the expansion of the 
wavefunction. For exact wavefunction, the value of CST is gauge independent. 
Unfortunately, expensive computational resource renders it not applicable. Thus, 
approximate wavefunction is more usual to deal with in quantum mechanic 
calculation. One way to solve the gauge problem is to use large basis sets to approach 







However, it is impractical for large molecules. The alternative way to solve the gauge 
problem is to introduce gauge factor into the atomic orbitals of the basis set. 
In gauge-including atomic orbitals (GIAO) method
 [2 7]
, the atomic orbitals 
are modified by a complex factor 










V C J 
where c is the speed of light, A
v




 is the vector potential, with R
v
 is the 
position of the center of the orbital (|)
v
. The exact electronic wavefunction in the 
presence of a vector potential A
v
 transforms as 
f . \ 
\KA’）= \KA)exp ) [2.15] 
V
 c
 i J 
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under a gauge transformation A“r) Ap(r) + VX(r). Applying equation [2.14] 
forces the wavefunction to fulfill equation [2.15] and hence solves the gauge problem 
even using approximate wavefunction. 
2.4 Density Functional Theory (DFT) 




] is to calculate atomic 
• and molecular properties from the electron density. It was demonstrated by 
Hohenberg and Kohn (HK theorem) [
2 9]
. The H K theorem states that all the 
properties of a molecule in electronic ground state are determined by the ground state 
electron density function p = (x, y, z) and the ground state electronic energy can be 
calculated using the variational principle which involves the electron density p only. 
Based on the H K theorem, Kohn and Sham (KS theorem) [
210]
 transformed DFT into 
a practical tool for rigorous calculation. 
2.4.1 K S Theorem 
In KS theorem, the electronic energy of a closed shell molecule, in term of 
• electron density function, is defined as 
A
 r
lA 2i = l [2.16] 
1 ffp(
r
l )P(r2 ) , , X： r 1 







The first term is the nucleus-electron potential energy which is the sum over all 2n 
electrons of the potential corresponding to attraction of an electron for all the nuclei 
. - 1 4 -
A. The second term is kinetic energy of the non-interacting system of electrons. It is 
• . KS 
the sum of the one-electron kinetic energy operators over the KS spatial orbital y/
 i
 . 
The third term is the classical electron-electron repulsion energy for pairs of 




 separated by a distance r
12
. The 
—factor is used to avoid counting the repulsion between ri and r
2
 twice. The last 
2 
term is the exchange-correlation energy functional and can be written as the sum of 
an exchange-energy functional (E
x










It is the only term that some methods of calculation must be devised. In equation 
[2.16], all the functional are known except the E
X
c[p] term. Hence, devising accurate 
E
X
c[p] is the main problem in DFT research. 
From the variational principle in H K theorem, the Kohn-Sham (KS) equation 













where the KS operator h is 
- i v i
2













(r) in equation [2.19] is the exchange-correlation potential. It is defined 
-15 -
as the functional derivative of Exc[p(r)] with respect to p(r): 
V x c ( r ) -
6 E x c k r ) ]
 [2.20] 
_ 
2.4.2 B3LYP 一 Hybrid D F T Functional 
The E
xc




]. It is a hybrid DFT 
functional which includes the HF exact exchange energy and DFT 




l a t e r
 +(1 — A ) E f + B A E ®
8 8
 + C A E『
P
 [2.21] 








 is the exchange-energy functional of local spin 
density approximation (LSDA), [
213]
 is the K S orbital based HF 
exchange-energy functional, e|
8 8 [ 2 1 4 ]
 is the Becke 88 exchange-energy functional, 
gVMN [2.15] -s a c o r r e iat ion-energy functional based on a uniform electron gas and 
E ^
y p [ 2 1 1 ]
 is the LYP correlation-energy functional. The parameters A, B and C are 
those that give the best fit of computed properties (atomization energy, ionization 
potential, proton affinity and atomic energy) of small molecules. 
2.5 Molecular Mechanic ( M M ) 
2.5.1 Basis Principle - Ball and Spring Model 




 describes a molecule as a collection of 
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spherical atoms held together by spring which represents bond. According to the 
Born-Oppenheimer approximation which states that nuclei are much heavier and 
move much slowly than electrons, nuclear motions can be studied separately from 
electrons. Thus, it is assumed that electrons move fast enough to adjust any 
movement of nuclei in M M method and the existence of electron is not considered. 
The internal forces experienced in the model structure are described using simple 
mathematical functions therefore it is sometimes called force field method. Force 
field in M M is developed for specific types of molecules and their use in other 
situations will either fail or give poor results. 
The basis of M M is to express the energy of a molecule in terms of the 
non-bonding interactions and the distortion of molecular geometry from the 
equilibrium geometry. The potential energy of a molecule can be written as 
E = Stretch + / ] E b e n d + X E t o r s i o n + 2 ^ E v d W + 2 ^ E electrostatic 
^ [2.22] 
+ ^s t re tch-bend 
where E
stretC
h 二 energy contribution from bond stretching, 
Ebend = energy contribution from bond bending, 
Etorsion = energy contribution from torsional motion, 
E
v d w
 = energy contribution from van der Waals interaction, 
Electrostatic = energy contribution from electrostatic interaction, 
• Estretch-bend = energy contribution from stretching-bending interaction. 
The terms ^ E
v d w
 , electrostatic and stretch-bend are Classified as 
- 1 7 -
non-bonding interactions. All the terms in equation [2.22] can be calculated using 
simple physic laws. Thus, it can be used to calculate the geometries and energies for 




 in relatively short time. 
2.5.2 M M + 
The force field used in this thesis is M M +
 [219]
. The M M + force field is an 




 which is designed primarily for small organic molecules. The 
six terms in equation [2.22] are described in the following sections. 
2.5.2.1 Bond Stretching 
This bond stretching term is calculated using the classical harmonic potential 
extended to the cubic term for the approximation of anharmonic effects. 
1 ，「 ( i 4 ^ 1 
E
s t r e t c h






 1 +switch r-r
0
 ,--B,- — B B(r-r
0
 ) [2.23] 
2 L V 3 3 J _ 
where k
r
 is the force constant of the bond, r
0
 is the equilibrium bond length, r is the 
stretching bond length and B is the cubic correction constant. The term 
( 1 4 ^ 
switch r-r
0
 ,-—B,—一B is a switch function such that 
I 3 3 J 
switch(x, a, b) = 1 x < a [2.24] 
switch(x, a, b) = 0 x > b [2.25] 
(b-x)2 (b + 2x-3a) 
switch(x, a, b) = ： a < x < b [2.26] 
(b-a)3 
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2.5.2.2 Bond Bending 
The bond bending term is based on the harmonic function and is expanded 
through sixth order in 9, though only the harmonic and sextic terms are used. 
E
b e n d
 =丄k" (^-^o )
2
 t + C(没—〜）
4




 is the bending force constant, 9
0
 is the equilibrium bond angle, 0 is the 
bending angle and C is the scale factor. 
2.5.2.3 Torsional Motion 
The torsional term is described with a three term cosine expansion in dihedral 
angle 小. 
E
t o r s i o n
 + + — ( 1 - c o s 2 ^ ) + ^ - ( 1 + COS3^) [2.28] 
2 2 2 




 are determined by curve fitting to torsional 
profiles obtained by experimental or high level quantum chemical methods. The 
three terms have a virtual physical meaning attributed to them. The first term reflects 
the effect of dipole-dipole interactions on the torsional profile. The second term 
shows the conjugation effect, for instance, conjugation for double bond. The last 
term stands for the steric effects. 
2.5.2.4 van der Waals Interaction 
The van der Waals term describes the repulsive force keeping two 
non-bonded atoms apart at close range and the attractive force drawing them together 
-19-
at long range. Using formula of the Hill potential [
2 21]










 exp -12.5———2.25 — [2.29] 
I I Ry J I ry J y 
where Djj is a parameter that determines the depth of the attractive well, ry is the 
non-bonded distance and Rij is the sum of the van der Waals radius of the atom i and 
j. Since Hill potential is developed for low-pressure gases, it may not be applicable 
for short distance. Therefore at short distance where r^  is shorter than 3.311 人， 
equation [2.29] is replaced by 








y J J 
For H - X bonds, where X is a heavy atom, the hydrogen electron density displaced 
somewhat along the bond H - X towards X. Thus, a factor 0.915 is used to reduce the 
H - X bond length for evaluation of hydrogen van der Waals interaction
 [222
\ 
2.5.2.5 Electrostatic Interaction 
This term described the electrostatic interactions in terms of bond dipoles and 
is calculated by the Jeans formula. 
jLtjjU- j 
Eelectrostatc = (COS X —3(^0^ cosaj ) [2.31] 
d - € Uy t
- 2 0 -
where [i\ and 叫 are dipole moments, 8 is the dielectric constant and djj, x，ot, and ocj 




z d ‘ . 
Z 
� • ^ rv 
^ Ui 
V J 
Figure 2.2. Definition of the parameters (dij, x, 0Ci and Oj) in equation [2.31]. 
2.5.2.6 Stretching-bending Interaction 
This term is a cross term that arises from the coupling of stretching and 
bending motions. It can be regarded as a correction to the independent 
ball-and-spring model and expresses by the following equation 
E stretch -bend = k 功（没 _ 没
 0
 )[(r - r
0




 ] [2.32] 
where k
r0
 is the stretching-bending force constant, (r - r 0 ) i j is the change in bond 




 is the change in bond length for the atom j 
and k. 
2.6 Isodesmic Reaction 
Isodesmic reaction is a reaction in which the number of bonds of each given 
-21 -
formal type is conserved, but the relationship among the bonds is altered [ '
23
\ In 
principle, isodesmic reaction can be real or purely hypothetical. The concept of 
isodesmic reaction is illustrated by the reaction of methyl ketene with methane. 
H、 
N C = C = 0 + 2 CH4 
H Z [2.1] 
^ H3C—CH3 + H2C=CH2 + H 2C=O 
In the reaction [2.1], both the reactant and product sides have 1 C-C, 1 C=C, 12 C-H 
and 1 C=0 bonds. The only difference is the environment in which bonds are located. 
Due to the conservation of the number of bond in reactant and product sides, the 
change in their correlation energy is small and hence the energy of isodesmic 
reaction can be predicted quite accurately even using simple computational methods. 
This property makes isodesmic reaction a useful tool for the prediction of 




 and side 




 which is obtained by experimental method with 
difficulty. 
- 2 2 -
CHAPTER THREE 
METHODOLOGY AND EVALUATION 
3.1 Introduction 
CST is very valuable in providing structural information. It is extremely 
sensitive to molecular geometry, especially the local environment. Thus, different 
local structure has different CST values, which causes that the associated orientation 
of the tensor components will be different. If two molecules have the same CST, their 
structures are the same or mirror each other, i.e. magnetically equivalent. Both CST 
values and the associated tensor orientation can be computed from its molecular 
geometry using quantum chemistry computation methods. CST is widely used in the 




used semi-empirical method to calculate CST to refine the hydrogen positions of 
D-mannitol from its X-ray structure. Other studies using quantum chemistry 
computation methods to calculate CST involve the explanation of the symmetry 
difference of naphthalene between X-ray structure and solid state N M R
 [3 2]
, 
characterization of stereochemistry and molecular conformation [
 ]





. These studies show that computational quantum chemistry 
results are useful in interpretation of experimental CST data. 
Phosphorus (
31
P), with a nuclear spin of 1/2 and nearly 100% natural 
abundance, is among one of the most sensitive nuclei to be observed by N M R 








 [ 3 9
 "
 311]
. Theoretical study of the 
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# 
relationship between P CST and molecular geometry would provide an additional 
tool in exploring the phosphorus chemistry. Generally, phosphorus compounds 
possess few phosphorus atoms. Determination of structure from CST using quantum 
method is restricted in local structure. An important issue which affects the quality of 
study in structure determination is the presence of conformer, common to large 
number of molecules. Most often, inter- and intra-molecular interactions play an 
important role in determining the structure of a conformer. Conformations are 
usually locked by hydrogen bond. For instance, conformation of D N A is locked by 
the hydrogen bond formed between base pairs. Investigation of these conformations 
may plausibly allow one to probe the nature of the interactions and how they 
influence the formation of a conformer. In this thesis, the local structure and the 
• • 31 
conformation of molecule in powder samples are characterized using P CST 
powder N M R data obtained from the literature, M M (by HyperChem Pro 6) and DFT 
(by Gaussian 98) method. 
3.2 Computational Method 
3.2.1 Evaluation of Different N M R Computational Level 
Theoretical prediction of
 31








], for instance, carbon nucleus. It is due to the fact that as the 
mass of atom increases, its radii of innermost orbitals contract. It enhances the 
screening effect to the valence electrons and hence results in lengthening the atomic 
radius. Thus,
 31
P CST calculation is highly sensitive to the basis set description. To 
select an effective computational level to calculate
 31
P CST principal values, several 
computational levels are evaluated by comparing the CST, calculated from X-ray 





] using gauge-including atomic orbitals (GIAO) method, of the 23 
phosphorus compounds in Figures 3.1 (a) - (c) with their experimental CST, 












. All hydrogen positions of the X-ray 
structures were optimized at the level HF/D95* 卜 . 
Ph / Ph C K ! C N 
PH CN 
Triphenylphosphine Tricyanophosphine 
[Molecule 1] [Molecule 2] 
Z / ', NCH2CH2C / CH2CH2CN 
c h 3 NCH2CH2C 
CH3 
Trimethylphosphine
 T r i s
( P -cyanoethyl)phosphine 







 r x 
OCH3 C H 3 
Tris(4-methoxyphenyl)phosphine Tri- m -tolyphosphine 
[Molecule 5] [Molecule 6] 
爷 H 3 CH, 
o — — s o /
 3 
H3C 








C H C 
\ ^ O pyj
 3






[Molecule 8] [Molecule 9] 
H O 
r r 。 
s ^^ 
Tetrathiadiphosphorinane Phenylphosphonic acid 
[Molecule 10] [Molecule 11] 
H
7
C , o — s 、 O——C,H
7 7 3 \ / \ /
 3 7 
p p 
� \ 
H 7 c 3 o s s o — c 3 h 7 
Bis(diisopropoxythiophosphoryl) disulfide 
[Molecule 12] 




Figure 3.1 (c). Structure of phosphorus molecules. 
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Figure 3.1 (c). Structure of phosphorus molecules. 
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In this section, two common methods (HF and B3LYP) were chosen in the 
evaluation. The comparison of the two methods is to determine the importance of 
electron correlation in P CST calculation. 12 basis sets (Table 3.1) were chosen for 
the evaluation. These basis sets include double zeta with the addition of polarization 
and diffuse functions, and triple zeta with the addition of polarization function. 
Table 3.1. Basis sets used in the evaluation of computational levels. 
Number Basis set Number Basis set Number Basis set 
. 1 6-31G 5 6-31G(2df) 9 6-311G 
2 6-31G(d) 6 6-31G(2d,p) 10 6-311G(d) 
3 6-31G(2d) 7 6-31+G(2d) 11 6-311G(2d) 
4 6-31G(3d) 8 6-31++G(2d) 12 6-311G(3d)~ 
The root mean square deviation (RMSD) of each principal value is calculated 
according to the equation [3.1]. The results are summarized in Figures 3.2 (a) — (c). 
I 1 N vT 
RMSDii =J-y([a
X




where RMSDii is the R M S D of the principal value ii, N is the number of phosphorus 
nuclei used, k is the k
th
 phosphorus nucleus, a X - r a y , i i is the CST principal value 
calculated from the X-ray structure and a e x p t , i i is the experimental CST principal 
value. 
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Figure 3.2 (a). R M S D values of computational level with basis sets 1 - 4. 
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Figure 3.2 (b). RMSD values of computational level with basis sets 5 — 8. 
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Figure 3.2 (c). R M S D values of computational level with basis sets 9—12. 
From Figures 3.2 (a) and (b), the R M S D of B3LYP is smaller than that of HF 
for the double zeta basis sets 1 - 8. It indicates that electron correlation is important 
in
 31





addition of d polarization function to double zeta basis set further lowers the R M S D 
for both HF and B3LYP methods. It suggests the importance of the d polarization 
function in
 3 1
P CST calculation. However, increasing the complexity of basis set does 
not guarantee any improvement of CST calculation. With the addition of other 
polarization function (f and p to heavy atom and hydrogen respectively) and diffuse 
functions (+ and ++) to the 6-31G(2d) basis set, there is no obvious improvement on 
RMSDn. For the triple zeta basis set 9 — 12, HF performs better than the B3LYP with 
the addition of d polarization function. It is in agreement with earlier literature 
- 3 0 -
reports, i.e. Predicted CST, obtained from larger basis set with HF method, 







Other than the accuracy, the time used to calculate CST is the other factor that 
• is considered in the choice of computational level. Compound 1 (Figure 3.3) was 
chosen to evaluate the C P U time of CST calculation with different computational 
levels. The geometry is obtained from the reported X-ray structure [
3 44]
. The results 
are listed in Table 3.2. 
S Me 
Me ott 
Me U H 
Figure 3.3. Molecular structure of compound 1. 
Table 3.2. CPU time of CST calculation of compound 1. 
Time / min. Time / min. Time / min. 
Basis Set HF B3LYP Basis Set HF B3LYP Basis Set HF B3LYP 
1 0.53 1.03 5 12.05 13.70 9 1.73 2.35 
2 1.65 2.38 6 5.48 6.78 10 3.58 5.05 
“ 3 3.62 4.70— 7 6.75 8.42 11 7.25 8.73 
~4 7.63 9.00 8 8.92 10.90 12 13.32 15.08 
Based on accuracy, HF/6-311G(3d) should be selected to calculate CST to 
give the best results, however the long CPU time renders it not desirable. For the 
basis set 1 — 4, B3LYP/6-31G(2d) is the most suitable computational level. It 
-31 -
produces the result similar to B3LYP/6-31 G(3d) calculation and its C P U time is 
reduced by about one half. Taking these different factors into consideration, the C P U 




3.2.2 Computational Error — Round Off Error 
The error caused by computer depends on the accuracy of the number 
represented in computer. Generally, it is represented as a floating point number. For a 
floating point number with infinite digits, it should be rounded off as computer has 
. limited digit to store. Round off leads to an error called round off error. According to 
Wikipedia
 [3 45]
, round off error is the difference between the calculated 
approximation of a number and its exact mathematical value. 
Floating point number is represented inside a computer in binary system 
which has only two digits (0 and 1). Using IEEE (The Institute of Electrontrical and 
Electronics Engineers) standards
 [3 46]
, the floating point number format for 32-bits 
computer is shown as follows. 
"T~] I 8 1 23 (total 32 bits) 
. sign (s) exponent (e) mantissa (m) 
The sign of the number is stored as 0 (positive) or 1 (negative).The exponent defines 
the movement of the decimal point. By convention, it is biased by 127 in a 32-bits 
computer. This means that for binary exponent 5, it is represented in 127 + 5 = 132 in 
- 3 2 -
binary (10000101) and for binary exponent -5, it is represented in 127 — 5 = 122 in 
binary (01111010). The mantissa is the binary number to the right of the decimal 
point. It defines the precision of the number. 
. The floating point number can be converted from binary to decimal in 32-bits 
computer by equation [3.2]. 
f 1X1 / \ 
Decimal Number = (-l)
s






2 3 J 
Using 0.085 as example, it is stored as 0 01111011 01011100001010001111011. 
Bits : 31 30-23 22-0 
Binary : 0 01111011 01011100001010001111011 
Decimal : 0 123 3019899 
Converting to decimal number by equation [3.16], 
• (-ir xfl + ^ ] x 2 ( — ) = (-1)° xri + l^l2(l24-127) 
I 2
2 3 J I 223 J 
=0.08500000089406967J630859375 
The order of the error is 10"
10
 in this example. 
Round off error can be accumulated in each mathematical manipulation. 
Fortunately, implementation of a better algorithm into programming language can 
eliminate this error to achieve final calculated results with decided significant digits. 
In the software package Gaussian98, the order of round off error of the calculated 
energy and properties are about 10"
12
 and 10" respectively. 
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3.3 Local Structure Determination and Evaluation 
3.3.1 Methodology 
CST can be considered to be a function of structure constraints of a molecule 
such as bond lengths, bond angles and dihedral angles. Generally, it can be described 
by the equation 
d = / ( X i , x
2
 , . . . , x n ) [ 3 . 3 ] 
where a is CST and xi, X2, ..., x
n
 are the structure constraints. For an initial guess 
structure, which is the X-ray structure in this thesis, CST is expressed by 
a



















 are respectively the CST and the structure 
constraints of the X-ray structure. Since CST is sensitive to molecular geometry, 
modification of the structure constraint by A leads to changes in the CST value. The 




 then becomes 
cab - / ( a l , a 2 , . " , a i + A , . . . , a n ) [3.5] 





be either shielded or deshielded with respect to the experimental CST, the square 
deviation of these two values is considered. 
9 
Sq. Dev. = ( a
 c a l c
 - a
 e x p t
 ) [3.6] 
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where a
exp
t is the experimental CST. To minimize the Sq. Dev., the structure 
constraints of the initial guess structure are varied. At the minimum point, the set of 
structure constraints obtained are considered as the optimized local structure. The 
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Figure 3.4. Process diagram illustrating the methodology of local structure determination. 
Since the calculated CST principal values are the absolute shielding relative 
to the bare nucleus, all experimental CST are transformed to absolute shielding 














(85% H3PO4) = 328.35 ppm is the absolute isotropic shielding of 85% 
H3PO4, G\\ is the absolute experimental CST principal values and 〜is the 
• experimental CST principal values obtained from the literature. The absolute 
experimental CST principal values are used in the local structure determination. 
For the optimized local structure, its phosphorus CST principal values, a o p t , i i , 




t,ii (equation [3.8]) 
is compared with that of aX - r a y , i i ? calculated from the X-ray structure data, to a e x p t , i i 
(equation [3.9]). 
入[Opt] opt,ii — 0 expt,ii [3.8] 
3
 i 
入[x-ray] = - 2 1 a X 一ray,ii - 0 expt,ii [3.9] 
3 i 







t,ii respectively.入[X-ray] is used as a reference value to determine 
whether the model achieves improvement in the CST principal values. Apart from 
CST values, the structure constraints of the optimized local structure and X-ray 
structure are also compared. Since the optimized local structure is regarded as the 
local structure in powder, this comparison is aimed at determining whether there is a 
significant difference between the structures obtained from these two types of solid 
state methods. 
- 3 6 -
3.3.2 DeHnition of Local Structure 
Recall equations [2.10] to [2.13] in section 2.3.1, Ramsey's magnetic 
shielding theory shows that CST is a local property. It means that CST is more 
sensitive to the electrons near the nucleus of interest. Hence, the local structure is 
defined as shown in Figure 3.5. 
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Figure 3.5. Definition of the local structure. 
All the structure constraints encircled in Figure 3.5, are classified as part of the local 
structure. The consideration of the dihedral angle A i - P - A 2 - A 3 is necessary due to the 





 through space. 
3.3.3 Models used in Local Structure Determination 
Three models (Mod-1, Mod-2 and Mod-3) are studied in this thesis. The same 
optimization procedure, introduced in section 3.3.1，is applied for all three models. 
The only difference between the three models is the approach on the treatment of the 
calculated CST (ac a ic,ii) . Figure 3.6 illustrates the three models which will be 
discussed in the following sections. Based on the method introduced in section 3.3.1, 
-37-
the accuracy of CST calculation is very important. To obtain the best fitting structure 
from CST principle values, the calculated CST principle values of a given geometry 
must be comparable to that of the experimental counterpart. In this thesis, all the P 







f f i 
No modification Modified by Modified by 
correction factor (E^) linear equation 
acalc,ii 
p acaic,n qcalc;ii - (y-intercept) 





Figure 3.6. Diagram illustrating the three models. 
3.3.3.1 Model without CST Modification (Mod-1) 
In this model, the unmodified calculated
 31
P CST was used in the local 
structure determination. It means that a C a i c , i i is compared with a e x p t , i i directly in the 
- 3 8 -





t,ii is very important. Unfortunately, there is still a difference between ax-ray,ii and 
a e x p t , i i for the 23 phosphorus compounds (Section 3.2.1) at the computational level 
B3LYP/6-31G(2d) (Appendix I). The aim of using this model is to determinate 
whether the difference between ax-ray,ii and a e x p t , i i affects the optimized local 
structure. 
3.3.3.2 Models with CST Modification 
To modify a c a i c , i i ? the relationship between ax-ray,ii and a e x p t , i i of the 23 
phosphorus compounds, shown in Figure 3.1 (a) 一 (c) (section 3.2.1), was first 
determined. In these models, a c a i c , i i were modified based on this relationship. There 
are 32 phosphorus atoms in the 23 phosphorus compounds. This sample size is large 
enough for statistical analysis of a normal population. 
3.3.3.2.1 Model Using Correction Factors (Mod-2) 
The comparison between aX - ray , i i and c e x p t , i i of the 23 phosphorus compounds 
shows that aX - ray , i i is more shielded than a e x p t , i i - i.e. aX - r a y , i i is larger than a e x p t , i i . The 
relative error of each CST principal value to the corresponding experimental CST for 
a phosphorus nucleus is obtained using equation [3.10]. 
R E i i = a X - r a y , i i - a e x p t , i i [ 3 . 1 0 ] 
^expt,ii 
where REii is the relative error associated with a principal value g\\. The mean 
relative error of each principal value of the 32 phosphorus nuclei is regarded as a 
-39 --
correction factor which is denoted by Eii. In this model, the a
ca
ic,ii were modified 
using equation [3.11]. 
mod(CF)ii [3.11] 
1 + Eu 





 are 0.1438, 0.0624 and 0.1218, respectively. 
3.3.3.2.2 Model Using Linear Equation (Mod-3) 
a c a i c , i i in this model were modified by the linear equation obtained from the 
plot of the linear regression of aX - r a y , i i against a e x P t , i i as shown in Figure 3.7. The 





• summarized in Table 3.3. 
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v 川 1.20 
where mod(LE) i i is the CST modified by the linear regression lines. 
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• Sigma 11 k^/m. 
攀 Sigma22 ^ ^ 
• Sigma33 • 
一 Linear (Sigma 11) ^ ^ 
一 Linear (Sigma22) ^ 3 ^ ¾ ^ 
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e^xpt / PPm 
Figure 3.7. Plot of
 31
P calculated and experimental CST principal values of the 23 selected 
phosphorus compounds. 
i 31 c\' •� 
Table 3.3. Linear regression results from the plot of calculated and experimental P CST 
principal values. 
Sigma Slope y-intercept R^ 
0.96 28.83 0.9866 
22 L08 -3.20 0.9685 
~33 L20 -32.84 0.9608 






To test the local structure determination methodology and the three models, a 







, was selected. The structures of phosphorus compounds are 
shown in Figure 3.8. The reason for choosing this series of compounds is that it 
contains a wide range of molecular size, hence it forms a good base of testing the 
-41 -
proposed methodology for local structure determination. All experimental CST 
principal values in the series were obtained from the literature and the reported 
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Figure 3.8. Molecular structures of the selected series of phosphorus compounds. 
The X-ray structures of the phosphorus compounds
 [3 44]
 (Figure 3.8) were 
used as the initial guess structure. The hydrogen positions were optimized at the level 




 and OH) are not included in the local 
. structure defined in section 3.3.2，the geometries of these side groups are fixed as the 
X-ray structure in the optimization. The structure constraints and calculated CST 
-42 --
principal values of the selected series of phosphorus compounds of the X-ray and the 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.10. Experimental and calculated CST principal values (in ppm) obtained from 
the X-ray and the optimized structures. 




11 229.00 240.05 203.52 239.27 245.35 
1 22 249.00 263.71 237.27 264.30 257.55 
33 341.00 407.75 388.27 367.76 371.31 
11 224.00 237.16 197.64 224.57 225.54 
• 2 22 251.00 262.60 227.57 257.52 252.04 
33 352.00 411.49 396.55 371.47 373.91 
11 213.00 225.56 194.05 201.65 218.32 
3 22 250.00 268.09 224.81 285.14 308.20 
33 366.00 418.77 419.35 357.56 359.07 
11 188.00 201.38 174.04 222.06 209.66 
4 22 261.00 273.00 228.69 257.12 266.38 
33 356.00 406.61 422.65 362.10 367.00 
11 235.00 253.04 196.66 208.75 222.17 
5a 22 260.00 280.24 225.83 296.22 247.24 
33 340.00 416.01 415.29 381.12 406.75 
11 230.00 249.18 219.90 205.42 208.10 
5b 22 253.00 279.14 239.93 306.95 268.93 
33 360.00 428.52 390.91 353.69 382.28 
a
 Calculated from the X-ray structure (initial guess structure). 
b
 CST principal values are modified by equation [3.11]. 
c

























































































































































































































































































































































































































For the series of phosphorus compounds selected, their optimized local 
structures are shown to be similar to the X-ray structure except for the predicted 
dihedral angle. The ^ [Opt] and X[X-ray] values, calculated by equations [3.8] and 
[3.9], respectively, are listed in Table 3.12 and the statistical results of the structure 
constraint difference between the three models and X-ray structure are listed in Table 
3.13. 
Table 3.12. A, [X-ray] and A-[Opt] values of the compound 1 — 5b. 
^[X-ray] X[Opt] 入[Opt] - ^ [X-ray] 
Cpd X-ray Mod-1 Mod-2 Mod-3 Mod-1 Mod-2 Mod-3 
1 30.84 28.16 17.44 18.40 -2.68 -13.40 -12.44 
2 28.08 31.45 8.85 8.16 3.37 -19.23 -19.92 
3 28.81 32.50 18.31 23.48 3.69 -10.50 -5.33 
4 25.33 37.64 14.68 12.68 12.31 -10.65 -12.65 
5a 38.10 49.27 34.53 30.78 11.17 -3.57 -7.32 
5b 37.95 18.03 28.28 20.04 -19.92 -9.67 -17.91 
Mean 1.32 -11.17 -12.60 
Table 3.13. Mean and standard deviation of the structure constraint difference between 
the three models and X-ray structure. 
Bond length Bond angle Dihedral angle 
Models
 2
 ^ ^ 
(A) (degree) (degree) 
Mod-1 0.0771 -0.1 -35.5 
Mean Mod-2 -0.0293 0.0 -1.1 
Mod-3 -0.0220 00 1.0 
Mod-1 0.0359 4.5 75.7 
S t a n d a r d
 Mod-2 0.0480 3.8 45.3 
d e v i a t i
°
n
 Mod-3 0.0311 4.1 77.0 
The smaller the A, [Opt] value, the closer will be for the optimized local 
structure to the powder structure. Since these values are not small, the 入[X-ray] 
-52 --
value in the Table 3.12 is used as a reference to indicate whether the optimized local 
structures of the three models approach the powder structure or not. The non-zero 
X[X-ray] value indicates that the molecular structure in crystal and powder are not 
the same. For Mod-2 and Mod-3, the mean differences between X[Opt] and A,[X-ray] 
of the six phosphorus compounds are -11.17 and -12.60 respectively. It suggests that 
the optimized local structures obtained from Mod-2 and Mod-3 are closer to the 
powder structure. For Mod-1, X[Opt] is larger than A,[X-ray] except compounds 1 
and 5b. The mean difference between X[Opt] and 入[X-ray] is 1.32. It indicates that 
modified CST gains benefit in the optimization of local structure. 
Table 3.13 indicates that there is not a great difference in bond length and 
bond angle when comparing the three models with the X-ray structure. In fact, the 
significant difference rests with the dihedral angle in all three models. The difference 
in dihedral angle ranges from -134.4° to 90.1
0
. In powder, molecules are oriented 
randomly, hence the so-called powder pattern is observed. Besides orientation of 
molecules, conformation is another important issue which is able to affect the 
observed CST principal values. The significant dihedral angle difference suggests 
that there is a conformation factor contributing to the CST principal values. 
3.4 Determination of Possible Conformation in Powder and Evaluation 
3.4.1 Introduction 
Conformation is the consequence of either the inter- or intra-molecular 
interaction. In this section, the methodology to determine the possible conformations 
of molecule co-existed in powder based on the intra-molecular interaction is 
-53 --
introduced. The intra-molecular interaction is the side group interaction (SGI) which 
is calculated using isodesmic reaction approach (in section 2.6). 
3.4.2 Methodology 
3.4.2.1 Preparation of Calibration Curve 
Before the determination of the possible conformers contributing to the 
observed CST, a calibration curve related to the SGI energy and the energy of 
. conformers relative to X-ray structure needed to be prepared. Figure 3.9 shows an 
example molecule with a freely rotating P-C bond to illustrate the proposed 
methodology. 
x〗 x , 
\ /乂 : 
/ P — — c ^
 5 
















) with an increment of 30°, 12 conformers are _ 
. constructed. Each conformer contributes to one data point in the calibration curve. It 
is sufficient to construct a calibration curve using 12 data points. Thus, the 







These 12 conformers are called standard conformer A to L. The dihedral angle 
X1-P-C-X4, X1-P-C-X5 and Xi-P-C-X
6
 of the standard conformers are fixed as 
standard value as shown in Table 3.14 and the standard conformers A to L are then 
partially optimized. To compare the energies of the standard conformers A to L and 
-54 --
the X-ray structure, the energies of the partial optimized standard conformers, 
E[Conf], and the single point energy of the X-ray structure, E[X-ray], calculated at 
the same level are calculated. The difference of the two energies is denoted as 
E[Conf — X-ray]. It is the Y-value of the data point in the calibration curve. 






) of the standard 
conformers A to L is selectively replaced by hydrogen atom to form CompoundfZ] 
where Z = H, X4, X
5
 and Xe which are shown in reactions [3.1] - [3.3]. The energy 
change of the following isodesmic reactions is the interaction energy of the side 
group (X
4
, X5 or X 6) with the group (Xi)(X2)(X3)P-. 
x
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八 3 3 
Compound[X6] 
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One standard conformer generates one Compound[X4], one Compound[X5] and one 
Compound[X6]. Thus, each Compound[Z] contains 12 conformers. The 
conformation of the side groups (X4, X5 and X6) are fixed as the corresponding 
standard conformer and the three dihedral angles of Compound[Z] as shown in Table 
3.14 are also fixed. The Compound[Z] are then partially optimized. The small 






) in reaction [3.1] — [3.3] are fully 
optimized at the same level. Based on the additivity rules for the molecular 
properties [3 48 -3.49], the SGI energy is the sum of the interaction energy of each side 
group and is denoted as E[AE]. It is the X-value of the data point in the calibration 
curve. 
Table 3.14. The combinations of the three fixed dihedral angles in the partial optimization of 
the standard conformers A - L and the Compound[Z] in reactions [3.1] - [3.3]. 
•
 S t a n d a r d C
°











C 60。 -60° 180° ！ 
D 90。 -30° -150° ! 
E 120° 0^ -120° 
F 150。 30° -90
0 
G 180° 60^ -60° 
H -150° 90° -30° 
I -120。 120° 0° 
J -90。 150° 30° 
K -60。 180° 60° 
L -30。 -150° 90° 
a
 The label (A to L) of the Compound[Z] is same as its corresponding standard 
. conformers. 
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The lower the SGI energy, the lower will be the energy of molecule. This 
relationship can be observed from the two conformations of ethane (eclipsed vs 
staggered) [
3 50]
. Thus, the calibration curve is constructed by plotting E[Conf- X-ray] 
as a function of Z[AE]. Figure 3.10 illustrates the procedure for constructing the 
calibration curve. 
side group replaced 
^ T ~ j ~ j by H selectively 
X-ray Standard 二 � Compound[Z] 
structure Conformers ^ A - L 
-Z A - L 
c . , • + Partial Partial optimization 
S m g l e P ° m t optimization ( f l x ed three dihedral 
e n e r g y 丄 巧 卞 1 1 ^ � 1. angle and the 







j _ _ * ; 






E[Conf - X-ray] vs Z [AE] 
Figure 3.10. Diagram illustrating the procedure for constructing the calibration curve. 
3.4.2.2 Determination of Possible Conformations Contributing to 
the Observed CST 
In reality, many conformations can be formed. It is hardly to determine the 
possible conformations contributing to the observed CST from the infinite number of 
-57 --
conformations. To eliminate the high-energy conformation, conformation search 
using M M method is first conducted. The possible conformer interested in this 
section is determined from the collection of conformers found by the M M method. 
The Z[AE] values of this collection of conformers are determined using 








are fixed as found by the M M method. From the calibration curve, the E[Conf -
X-ray] of the conformers can then be determined. For the conformer with E[Conf -
X-ray] value below 1 kcal mol"
1
, their structures are partially optimized with all the 
dihedral angles fixed. Calculation, based on the isolated molecule, neglects the 
molecule-molecule interaction. Taking consideration of this interaction which ranges 
from 0.5 kcal mol"
1
 (van der Waals forces) [
3 51]
 to 1 kcal mol
-1
 (weak hydrogen bond) 
j 
[3-52]
, 1 kcal mol"
1





The CST principal values of the partially optimized structures are calculated , 
. ] 







 expt,ii [3.15] 
3
 i 
where aC O nf , i i is the average CST principal values of the conformers. If 入[Conf] is 
smaller than 入[X-ray], it suggests that there is a conformation factor contributing to 
the experimental CST. Figure 3.11 shows the procedure for the determination of the 





1 • (Fixed three dihedral 





















Conformation YES N O Conformation not ,• 
contributes to the X [Conf] < X [X-ray] ^ contributes to the 
observed CST observed CST • 
Figure 3.11. Diagram illustrating the procedures for the determination of the possible 
conformations contributing to the observed CST. 
3.4.3 Evaluation 
In this part, the series of phosphorus compounds used in the local structure 
determination was again used for the evaluation of the conformation determination. 
The standard conformers A - L of the compounds 1 — 5b were partially optimized at 
-59 --
the level B3LYP/6-31+G** and the energies of their X-ray structures were calculated 
at the same level. The SGI energy was calculated according to the isodesmic 
reactions [3.4] - [3.6]. The geometries of the Compound[Z] in reactions [3.4] — [3.6] 
were partially optimized at the level B3LYP/6-31+G** and the rest of the molecules 
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Table 3.15. The list of side groups in the isodesmic reactions [3.4] - [3.6]. 
Compound X4 X5 Xe 
1 -OH -Me -Me 





3 -OH -C(Q)Me -Me 一 
4 -OH -Ph -C(0)Ph 
5a -OH -COOH -H^ 
5b -OH -H^ -COOH — 
a
 The SGI energy of the cyclic side group of compound 2 was calculated based on the 
isodesmic reaction 
S H S 广 X 
M ^ - ) 4 + CH4 [3.
7] , 
Me I \ ^ ^ Me I � 
. Me H Me H 
The SGI energies of the side group (-H) in compounds 5a and 5b are not calculated as it is 
considered to be small comparing with other side groups and is neglected. 
\ 
1 
It is found that for the standard conformers A — L of all six phosphorus / 
compounds, only compounds 5a and 5b contains intra-molecular hydrogen bond 
\ 
(O-H---0). Since this kind of attractive force can significantly contribute to the side 
I 
group interaction, its energy is included in SGI energy for the standard conformers * 
containing O-H---0. The energy of the intra-molecular hydrogen bond was 
calculated according to the isodesmic reaction 
S C O O H S C O O H 





Me | \ 3 Me | \ 
Me H M e
 H 
There are three types of intra-molecular O - H — 0 that can be formed. The energies, 
types and structures of the intra-molecular O-H---0 are listed in Table 3.16. 
-61 -
Table 3.16. The energies, types and structures of the intra-molecular O-H—O. 
R H T
 1? I I I ^ /
H
 I 
Bond Types — COH OH H O - C = O ——HO — C - O ——HO 
Energy/kcal mol"
1
 -8.765 -5.597 -1.349 
By addition of the energy of the intra-molecular O-H---0 to the E[AE], the 
calibration curves were prepared. The data of the calibration curve are shown in 
Appendix II. Figures 3.12 - 3.17 show the calibration curves and Table 3.17 shows 
the linear regression results of the calibration curves. The energy unit is given in kcal 
mol". 
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Figure 3.12. Calibration curve for compound 1. 
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Figure 3.14. Calibration curve for compound 3. 
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Figure 3.16. Calibration curve for compound 5a. 
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Figure 3.17. Calibration curve for compound 5b. 
Table 3.17. Linear regression results of the calibration curves. 
Compound Slope y-intercept R 
1 1.10 -1.27 0.8979 
2 1.10 -2.50 0.9135 
~3 1.37 1.26 0.9101 
4 1.53 -8.47 0.9506 
5a 1.34 -0.77 0.9867 
5b 1.35 -0.71 0.9866 — — — 
By conformation search using M M method with force field M M + , a 
collection of conformers of compounds 1 — 5b were found. The SGI energies of these 
conformers were determined according to the isodesmic reactions [3.4] - [3.7]. From 
Table 3.17, E[Conf - X-ray] of the conformers found by M M method was 
determined by 
-65 -
E[Conf-X-ray] = (Slope)-(Z[AE]) + (y-intercept) [3.16] 
For those conformers with E[Conf -X-ray] values below 1 kcal mol" , partial 
• optimization was performed with all the dihedral angles fixed and aC O nf , i i was 
calculated. Results of the conformation determination and the X[Conf] are 
summarized in Table 3.18 and Table 3.19 respectively. The geometries, E[AE] and 
E[Conf- X-ray] of those conformers are shown in Figures 3.18 - 3.23. The energy is 
given in kcal mol"
1
. 
E[Conf — X-ray] of these possible conformers ranges from -3.2645 kcal mol" 
to 0.9658 kcal mol"
1
. From Boltzmann distribution, the ratio of the populations 
between these possible conformers and the X-ray structures ranges from 1.0337 to 
0.9902 respectively. For simplicity, these possible conformers are assumed to have 
same population. Therefore, aC O nf , i i is the simply the average of the principal values 
from each possible conformer. 
From Table 3.18, a number of conformers were eliminated with the criterion 
E[conf - X-ray] below 1 kcal mol"
1
. From Table 3.19，all X[Conf| values for the 
series of phosphorus compounds are smaller than their A,[X-ray] values. The mean 
difference between ^ [Conf] and ^ [X-ray] is -9.69. It confirms that the conformation 
contributes to the observed CST in powder sample. Combining the results of Tables 







































































































































































































































































































































































































Table 3.19.入[X-ray] and X[Conf| values of the compounds 1 — 5b. 
Compound A, [X-ray] 入[Conf] ^[Conf] — X [X-ray] 
1 30.84 22.82 -8.02 
2 28.08 17.62 -10.46 
3 28.81 15.66 -13.15 
4 25.33 19.14 -6A9 
5a 38.10 32.31 -5.79 
5b 37.95 23.45 -14.50 
Mean -^69 
\\ ^ \\ ^ " 
Me、、、） \ Me、、、j \ 
M
e O - H Me
 M e 
S-P-C-0 -179.8
 0 6 3 3 0 
E [AE] -1.0093 -1.2215 
E[Conf-X-ray] -2.3813 -2.6150 
H、 
s
 S Me 
、 _ _ ^ e J _ _ ^ M e 
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Me Me Me 
S-P-C-0 -63.2° -176.1° 
E [AE] -1.2309 0.1284 
E[Conf - X-ray] -2.6253 -1.1287 
Figure 3.18. Possible conformers of compound 1. 
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Figure 3.23. Possible conformers of compound 5b. 
-71 --
3.5 Discussion 
3.5.1 Factors Affecting CST 
In reality, the observed CST can be affected by a large number of factors. It 
results in the difference between the experimental CST and the theoretical CST. 
Since theoretical prediction of CST is based on the isolated molecule, its value is 
different from the experimental value because consideration for the 
molecule-molecule interaction is neglected. Thus, inter-molecular interaction is the 
main factor which causes such difference. Literature results show that the calculated 
CST principal values approach the experimental results when the presence of other 
• molecule is considered as a point charge
 [3 53]
. In this section, inter-molecular 
interaction and conformation factors are discussed. 
3.5.1.1 Inter-molecular Interaction 
From Table 3.11, the deviations of the calculated an and cr
22
 from the 
experimental values has a similar magnitude. However, a
3 3
 shows a large deviation 
from its experimental value when compared with their and (¾. This large 
deviation can be accounted for by involving inter-molecular interaction. Before a 
discussion of the inter-molecular interaction, the orientation of the three CST 
principal values is determined in order to predict which type of inter-molecular 
interaction is important to the
 31
P CST in the selected series of phosphorus 
compounds. Figure 3.24 shows the pictorial representation of the CST principal 
values of the phosphorus compounds. The orientation of the CST with respect to 
sulphur is listed in Table 3.20. 
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a33 
\  z p 
M e y \ 
M e \ 
Figure 3.24. Pictorial representation of the orientation of the CST principal values of the 
phosphorus compounds. 
Table 3.20. The angle between sulphur and the three CST principal values (S-P-Gn). 
aii 1 2 3 4 5a 5b 
11 91.4。 88.3。 89.2° 86.1° 90.6° 91.4° 
22 99.7
0
 81.0。 85.5° 90.3° 90.4
0
 88.4° 
33 9.8° 9.1° 4.6° 176.1° 0.8
0
 2.1° 
It is shown that the an and a
2
2 components are nearly perpendicular to the 
P-S bond. For the component a
3 3
, it approximately lies on the P-S axis, therefore any 
interaction along the direction of G33 is expected to affect the value of g
3 3 
significantly. For the selected series of phosphorus compounds, the possible 
inter-molecular interaction along the orientation of a
3 3
 is hydrogen bond formed by 
the hydrogen atom of the - O H group and the sulphur atom. 
3.5.1.1.1 O-H——S 
Compound 1 was selected to illustrate the effect of hydrogen bond on the 
value of G33. Two compound 1 were built with the O-H---S distance within the sum 




geometry was optimized at the level B3LYP/6-31+G** and the CST principal values 
were calculated based on the optimized structure. The geometry and results are 
shown in Figure 3.25 and Table 3.21 respectively. 
I :[ I 
: ^ f 、 … 
Figure 3.25. Geometry of the optimized structure. 












 229.58 251.63 393.86 0.58 2.63 52.86 
P2
C
 229.00 251.49 411.68 0.00 2.49 70.68 
X-ray 240.05 263.71 407.75 11.05 14.71 66.75 
• Expt 229.00 249.00 341.00~ 
a Geometry of hydrogen bond of the optimized structure: 
O-H—S = 2.381 A and O-H-S = 171.6° 
Phosphorus with hydrogen bond. 
c Phosphorus without hydrogen bond. 
d Aciii 二 calculated CST — experimental CST. 
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In the presence of other molecules, three CST principal values, except G33 of 
the P2 atom, approach the experimental values when compare with the CST 
calculated from the isolated X-ray structure. For the component G33，its calculated 
value gets closer to the experimental value with the introduction of hydrogen bond. 
The difference is changed from 66.75 ppm (X-ray — Expt) to 52.86 ppm (PI - Expt). 
Comparing the CST principal values of PI and P2, the difference of the CJ33 of the 
two phosphorus atoms is 17.82 ppm (P2 - PI) with the introduction of hydrogen 
bond, however u\\ and (¾ remain nearly constant. 
Based on the optimized structure, the hydrogen bond length was varied from 
2.2 A - 3.5 A and the CST principal values were calculated. The change of CST 
principal values and the linear regression results are shown in Figure 3.26 and Table 
3.22 respectively. 
450 r 
4 0 0 - • 丄 l i i H 丄 • • • • ^ S l g m a 1 1 
I m Sigma 22 
a 350 -
^ • Sigma 33 
I 300 
1 2 5 0 - g 腫 • 隱 s E E E n g m a ^ g 
200 -
150 1 1 1 1 1 1 1 1 
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 
O-H—S distance / 人 
Figure 3.26. The effect on CST principal values with different O-H---S bond length. 
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Table 3.22. Linear regression results of the effect on CST principal values with different 
O-H—S bond length. 
• 2 
aii Slope y-mtercept R 
11 -5.80 243.26 0.9626 
22 -6.02 265.83 0.9224 
33 6.90 377.55 0.9792 
Increasing O - H — S distance decreases an and (J22 but increases <733. For 
O-H---S distance greater than 2.381 A (the optimized O-H---S distance), a
3 3 
increases and is far away from it experimental values. It shows that the large 
deviation of theoretical CT33 from the experimental CJ33 is caused by the presence of 
hydrogen bond. From the above results, the inclusion of inter-molecular interaction is 
important in CST calculation, especially for the interaction aligning closely along the 
orientation of CST. 
To investigate the geometry effect to the hydrogen bond, different geometries 
(Figure 3.27) with inter-molecular hydrogen bond were optimized at the level 
B3LYP/6-31+G**. Geometry 1, denoted by Geo-1, consists of three compound 1 
held together by O-H---S to form a ring structure. Geometry 2, denoted by Geo-2, 
has a linear structure with three compound 1 held together by O-H---S. Geometry 3, 
denoted by Geo-3, has two O-H---S per sulphur atom. The results are summarized in 
Table 3.23. 
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HO ‘ S 
3 
I ： I Geo-l 
H O ^ U S 一 H O ^ U S 一 H O ^ U ^ 一 -
： ^ : Geo-2 
/ V " 
H O \ 
- / 
H Q V Geo-3 
Figure 3.27. Different geometries that connected by O-H---S. 
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Table 3.23. Calculated CST principal values of different geometries connected by O-H---S. 
Atom b b b 




 221.52 264.84 403.09 -7.48 15.84 62.09 
Geo-1 [2]a 212.00 267.07 405.29 -17.00 18.07 64.29 
218.12 265.34 407.70 -10.88 16.34 66.70 
[l]a 232.74 248.74 388.98 3.74 -0.26 47.98 
Geo-2 [2]a 235.31 251.44 385.76 6.31 2.44 44.76 
[3] 231.66 252.77 410.05 2.60 3.77 69.05 
[l]a 238.62 255.03 371.95 9.62 6.03 30.95 
Geo-3 [2] 229.74 252.45 412.78 0.74 3.45 71.78 
[3] 228.69 264.01 408.91 -0.31 15.01 67.91 
X-ray 240.05 263.71 407.75 11.05 14.01 66.75 / 
Expt 229.00 249.00 341.00 
a
 With O-H—S hydrogen bond. 
Adii = calculated CST — experimental CST. 
Geo-1 (ring form) shows only small improvement on the G33, the three 
values of Geo-1 (62.09, 64.29 and 66.70 ppm) are similar to that of X-ray (66.75 
ppm). It suggests that ring form structure is not preferable to exist in powder. For 
Geo-2 and Geo-3, the calculated a
3 3
 of the phosphorus atom bonded to sulphur that 
involves in hydrogen bond approach the experimental values. Addition of one more 
hydrogen bond (Geo-3) causes the calculated a
3 3
 to further close in to the 
experimental value, 30.95 ppm (Geo-3 P[l] — Expt). 
3.5.1.1.2 C-H——S 
Besides traditional hydrogen bond (O-H—S), the unusual hydrogen bond 
(C-H—S) are also considered. In reality, this type of interaction is not rare in solid, 




]. To investigate the effect 
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of this type of hydrogen bond on CST principal values, the C-H---S distance was 
varied from 2.5 A - 3.5 A using the X-ray structure of compound 1. Figure 3.28 
shows the graph relating the C-H---S distance and CST principal values and Table 
3.24 shows the linear regression results. 
4 3 0 「 
• Sigma 11 
E 
& • Sigma 22 
、 3 3 0 -
C/3 
^ 蠃 Sigma 33 > 
§ 280 -c 
O) 
H 
' ^ ^ ^ w m 
2 3 0
 " • _ •麟瘳搴鲁 •奪 • 
180 1 1 1 1 1 1 1 
2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 
C - H — S distance / A 
Figure 3.28. The effect on CST principal values with different C-H—S bond length. 
Table 3.24. Linear regression results of the effect on CST principal values with different 
C-H—S bond length. 
aw Slope y-intercept R 
~11 -2.89 234.62 0.9420 
~~12 -4.60 258.58 0.9800 
"33 2.31 399.49 0.9750 
The sign of the gradient of each CST principal value is the same as that of 
O-H—S. It suggests that C-H—S can be classified as a type hydrogen bond. The 
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magnitude of its gradient is two to three times that of O - H — S . It indicates that this 
interaction is weaker than O-H---S. Though the effect is not as strong as O - H — S , it 
is a potential factor that affects the CST in the solid. 
3.5.1.1.3 van der Waals Forces 
van der Waals forces are the inter-molecular interaction commonly found 
between molecules. In this section, this interaction was studied with the help of the 
crystal cell of compound 1. The hydrogen positions were partially optimized at the 
level HF/D95* and the CST were calculated based on the partial optimized structure. 
It was found that there was no inter-molecular hydrogen bond in the crystal cell of 
compound 1. Thus, any change in CST is due to the van der Waals forces between 
molecules. Figure 3.29 shows the geometry of the crystal cell. Results are 
summarized in Table 3.25. 
^m 仏 • PI 
% 
\\ 
Figure 3.29. Geometry of crystal cell of compound l.(For clarity, methyl hydrogen position 
are not shown) 
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Table 3.25. CST calculated from the crystal cell of compound 1. 
Atom b 
Geometry AN G22 ^33 A A N
A
 A G 2 2
 a Aa33 a Ac a ve 
number 
PI 238.38 263.39 408.70 9.38 14.39 67.70 
Crystal P2 242.83 264.65 403.26 13.83 15.65 62.26 
30 53 
cell P3 238.38 263.39 408.70 9.38 14.39 67.70 
P4 242.83 264.65 403.26 13.83 15.65 62.26 
X-ray
c
 240.05 263.71 407.75 11.05 14.01 66.75 30.84 / 
Expt 229.00 249.00 341.00 
a
 Aciii = calculated CST - experimental CST. 
Average value of A(j\\. 
c
 Single molecule of X-ray structure. 
From Table 3.25, the Aaii values of phosphorus in the crystal cell and single 
molecule of X-ray structure are very similar. The Aa
a v e
 of crystal cell (30.53 ppm) 
and that of single molecule of X-ray structure (30.84 ppm) are nearly the same. It 
indicates that the van der Waals forces have only a small effect on CST. 
3.5.1.2 Conformation 
CST principal values can be affected by several factors. Inter-molecular 
interaction is one of the factor which influents the CST principal values directly. 
From the results in section 3.3, conformation is another possible factor that affects 
the CST principal values. The way for conformation to affect CST principal values is 
not as same as the inter-molecular interaction. It is through indirect influence by 
averaging the CST of different contributing conformers, instead of direct interaction 
between molecules. Results from section 3.3 show that averaging the CST principal 
values of possible conformer decreases the X values for all the compounds 1 - 5b. 
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The parameter X indicates the "average structure" of conformers is more preferable 
to exist in powder compared with the X-ray structure. Hence, conformation is a 
factor contributing to the observed CST in powder. 
3.5.2 Effect of Experimental Error on the Calculated Structure 
For experiment measurement, it has been established that about 2 ppm error 
o I 
would result in P CST determination. To explore the effect of the 2 ppm 





, was selected. The X-ray structure was obtained from the 
literature [
3 58]
. The hydrogen positions were optimized at the level HF/D95*. The 
• structure of TEPS is shown in Figure 3.30. 
12 
9 \ \ 3 / ^ ^ C ^ . 10 
5 'p P 广 6 ^ - C 
c
 / \ 
n
c
Z 。 7 
Figure 3.30. Molecular structure of TEPS (for clarity, hydrogen positions are not shown). 
For bond lengths, the
 31
P CST principal values were calculated as a function 
of the bond length of P3-P4, P3-S1 and P3-C7. The results are shown in Appendix III. 
For P3-P4, the change in CST is similar so only P3 CST results are shown. Among 
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P3-S1, an and G22 of P3 have similar sensitivity to the P-S bond variation. 





— and ^ — are -207.21 ppm A"
1
 and -201.40 ppm A"
1 
. v d r P - S J p 3 V d r P - S J p 3 
respectively. As the distance of the bond to the phosphorus atom increases, the 
influence of the bond variation on the
 31
P CST decreases. This effect can be observed 
(da 11 ) 
in the change of P4 CST under the variation of the P-S bond. and 
l d r P - S J p 4 
f d(7 
——— are -64.57 ppm A"
1
 and 16.41 ppm A"
1





da u da 22 













2 of P3 
f da 11 ( da 22 
have similar sensitivity to the P-C bond variation. and 
V D R P - C J P 3 l D R P - C J P 3 
are -52.15 ppm A"
1
 and -51.77 ppm A"
1
 respectively. They are much smaller than the 
gradient of the CST to the P-P and P-S bond variation. 
For bond angle, the
 31
P CST principal values were calculated as a function of 
bond angles C5-P3-C7 and S1-P3-P4. The results are shown in Appendix IV. For all 
the gradients of CST principal values of P3 to bond angle variation, they are much 
smaller than the case in bond length. cr
22
 is the most sensitive to the C5-P3-C7 
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. . . f da 22 1 i 
variation. is 1.07 ppm degree . For S1-P3-P4, the most sensitive 
V d r C - P - C J P 3 
( A \ 





For dihedral angle, the
 3 1
P CST principal values were calculated as a function 
of dihedral angle S1-P3-P4-S2. The results are shown in Appendix V. All the CST 
principal values have a gradient similar to the S1-P3-P4-S2 variation. Their 
magnitudes are even smaller than the case in bond angles. The most sensitive 
. . f dan 
component to the dihedral angle variation is an and the value of 
V D R S - P - P - S J P 3 
is -0.21 ppm degree"
1
. 
Therefore, a 2 ppm experimental error would cause 0.007 A inaccuracy in 
bond length, 0.8 degrees of inaccuracy in bond angle and 10 degrees of inaccuracy in 
dihedral angle when the
 31
P CST principal values are applied to calculate the 
molecular structure. 
3.6 Summary 
The results for the local structure determination using the methodology 
introduced show that
 31
P CST can be used in structure determination although it is 
more difficult to calculate than lighter nuclei. To improve the results, the calculated 
CST principal values are modified with different methods, using correction factor 
(Mod-2) and linear equation (Mod-3). 
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Inter-molecular interaction and conformation which affect the observed CST 
principal values are discussed. They are divided into two types, direct and indirect 
influences to the CST. Inter-molecular interaction, in this case hydrogen bond, affects 
the CST principal values directly by the influence of the electron distribution. 
Conformation shows the indirect influence to observed CST by averaging the CST 
principal values of conformations. It is supported by the results of conformation 
study using M M and isodesmic reaction which indicate that conformation issue is 





In this chapter, the methods of local structure determination and conformation 
determination are applied to the study of the structure of tetramethyldiphosphine 
disulfide (TMPS), 1,3,5-trimethoxybenzene (1,3,5-TMB) and 1,4-dimethoxybenzene 
(1,4-DMB). 
4.2 Tetramethyldiphosphine Disulfide (TMPS) 
T M P S was chosen as a test molecule. The main reason for selecting this 
molecule is that since it contains two phosphorus atoms in one molecule, the 
structure of the whole molecule can be determined under the local structure defined 
in section 3.2.2. The other reason is that it is comparatively small and hence can be 









 M e 
Figure 4.1. Molecular structure of TMPS. 
The X-ray structure was obtained from literature [
41]
. It shows that there are 
two crystal forms of TMPS molecules in a unit cell, i.e. two crystallographic 
- 8 6 -
inequivalent forms. One form of the T M P S possesses an inversion center and is 
denoted by TMPS-/. The other form possesses mirror plane containing the S-P-P-S 
bonds and is denoted by TMPS-m. The experimental CST principal values were 
obtained by Wasylishen et al. with CP technique and stationary powder [ ]• The 
structure and conformation of the two crystallographic inequivalent T M P S are 
determined in the following sections. 
4.2.1 Local Structure 
TMPS-/ and TMPS-w were optimized using the three models, Mod-1, 
Mod-2 and Mod-3. The structure constraints and CST principal values of their X-ray 
and optimized structures are listed in Tables 4.1 - 4.3 and 4.4 - 4.6 respectively. 
All the optimized structures are similar to the X-ray structure, especially for 
Mod-2 and Mod-3. From Table 4.6, ^ [Opt] of Mod-2 and Mod-3 improve 
significantly comparing with their corresponding X[X-ray]. The mean differences 
between X[Opt] and X[X-ray] of Mod-2 and Mod-3 are -24.44 and -23.42 
respectively. The improvement is much larger than the compounds 1 — 5b (Mod-2: 
-11.17 and Mod-3: -12.60). There are two possible reasons to account for it. First, the 
whole structure is considered, rather than the local structure for TMPS-/ and 
TMPS-w. Second, the direct influence to the CST principal values is absent due to 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.3. Mean and standard deviation of the structure constraint difference between 
the three models and X-ray structure. 
TMPS-i TMPS-m 
M 砠 j Bond length Bond angle Bond length Bond angle 
(A) (A) (degree) (degree) 
Mod-1 0.1139 0.04 0.0404 0.03 
Mean Mod-2 -0.0232 0.06 -0.0013 0.05 
Mod-3 -0.0261 0.06 0.0405 0.13 
Mod-1 0.0385 4.41 0.0596 4.95 
Standard 一 … …， 
Mod-2 0.0064 1.82 0.0151 2.46 
Deviation 一 
Mod-3 0.0276 2.35 0.0156 3.71 
Table 4.4. Experimental and calculated CST principal values (in ppm) obtained from 
the X-ray and the optimized structures. 




11 237.35 254.69 183.98 233.46 242.83 
TMPS-i 
22 253.35 269.68 212.66 263.33 259.26 
(PI) 
33 391.35 440.74 412.91 392.53 389.17 
11 237.35 254.69 192.62 235.53 246.00 
TMPS-i 
22 253.35 269.69 205.03 260.59 258.58 
(P2) 
33 391.35 440.74 413.76 392.86 389.42 
11 237.35 266.20 210.69 221.51 208.60 
TMPS-w 
22 252.35 270.03 289.31 270.00 250.29 
(PI) 
33 387.35 445.51 415.01 390.90 381.35 
11 237.35 267.01 209.92 227.55 210.94 
TMPS-m 
22 252.35 271.18 282.32 260.23 242.78 
(P2) 
33 387.35 451.80 420.09 397.48 386.73 
a Calculated from the X-ray structure (initial guess structure). 
b CST principal values are modified by equation [3.9]. 
c CST principal values are modified by the equations [3.10] - [3.12]. 














































































































































































































































































































































Table 4.6. A,[X-ray] and M。pt】 of the TMPS-i and TMPS-w. 
MX-ray] X[Opt] ^[Opt]—入[X:ray】 
X-ray Mod-1 Mod-2 Mod-3 Mod-1 Mod-2 Mod-3 
TMPS-/ (PI) 27.69 38.87 5.02 4.52 11.18 -22.67 -23.17 
TMPS-i (P2) 27.69 38.55 3.52 5.27 10.86 -24.17 -22.42 
T M P S - m (PI) 34.90 30.43 12.35 12.27 -4.47 -22.55 -22.63 
TMPS-/H (P2) 37.65 30.05 9.27 12.20 -7.60 -28.38 -25.45 
Mean 2.49 -24.44 -23.42 
4.2.2 Conformation 
The interaction energies of the side group —S and - M e were calculated 
according to the following isodesmic reactions. 
S� H / ? 
+ 
Me^l \ H-/ 
Me H H H 
S. H H 






M e , I \\ H力 \ 
Me s H H 
S � H / ? 
W
p
_ f H + 
\ H h i Me 
S. H H 
^ \\
 D
^ M e /^H [4.2] 
^ /P—P、、 + .P——C^
 L J 
Me^| \ Z / \ 
Me s H H 
Sv H / ? 
+ / P - P t 
Me^| \ 〈 / |、
H Me H H Me 
S. Me H 
Me^| \\ H 力 \ 
Me s H H 
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To maintain the multiplicity, the interaction energy of — M e with Me2(S)P_ 
was calculated by the isodesmic reactions [4.2] 一 [4.3] with the elimination of the 
interaction energy of —S with Mq(S)P- (reaction [4.1]). The calibration curve and the 
regression results are shown in Figure 4.2. The data for the calibration curve is 
shown in Appendix VI. The energy unit is given in kcal mol" • 
12 -| 
1 0
. E[Conf-X-ray] • 





 = 0.9319 
>< 6- ^ ^ 
0 1 1 1 1 1 I 




Figure 4.2. Calibration curve and regression result for TMPS. 
A collection of conformers of TMPS-/ and T M P S - m was determined by M M 
method with force field M M + . The possible conformers were determined by the 
equation shown in Figure 4.2 and optimized partially at the level B3LYP/6-31+G** 
with all the dihedral angles fixed. The CST principal values of these conformers were 
calculated. The results are summarized in Tables 4.7 — 4.8. The geometries, I[AE] 
and E[Conf - X-ray] of the possible conformers are shown in Figures 4.3 and 4.4. 
The energy unit is given in kcal mol". 
As there are two phosphorus atoms in TMPS, the parameter used to justify 
the method is the average of X[Conf| of each phosphorus atom (equation [4.1]) and it 
-93 --
is compared with the average of ^ [X-ray] of each phosphorus atom (equation [4.2]). 
1 N f l 1 
k=lV i 7k 
1 I 1 
k=lV i /k 
where 入[Conf|
ave
 is the average of X[Confl of each phosphorus atom, X[X-ray]
ave
 is 
the average of X[X-ray] of each phosphors atom, N is the number of phosphorus 
atoms in the molecule and k is the k phosphorus atom. 
The ^ [Conf]
a
ve is smaller than the X[X-ray]
ave





 is -14.84. It indicates the "average 
structure" of the conformers is closer to the powder structure. Again, it confirms that 
conformation issue is important in CST principal values calculation. 
Recall the values of dihedral angle S-P-P-S in Tables 4.1 and 4.2, the X-ray 
structure of T M P S shows the S-P-P-S to be about 180.0°. The dihedral angle 
(S-P-P-S) difference between the optimized and X-ray structures is very small, 
ranging from -2.2° to 0.3
0
. It indicates that there are few conformations or the 
conformations mirror each other in the powder. Conformation determination shows 
that TMPS-/ has only one conformation with the S-P-P-S to be 180.0° and TMPS-wi 
has four conformations with the S-P-P-S to be 180.0°, 180.0°, -150.7° and 149.52°. 
For TMPS-w, the average of the S-P-P-S of the four conformations is about 180.0°. 





































































































































































































































































































































TMPS-i 27.69 15.58 -12.11 
TMPS-m 34.78 17.22 -17.56 
Mean -14.84 
S \ M e S-P-P-S 180.0° 
, P — — P , I [AE1 6.6597 
Me、、、） X
S
 E[Conf-X-ray] 0.5101 
Figure 4.3. Possible conformer of TMPS-i. 
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 c M e 
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s . p .p . s 180.0° 180.0° 
E [AE] 6.6507 4.9466 
E[Conf-X-ray] 0.5010 -1.2222 
S M e S
 M e
, ^ e 
\ \ ��� \ \ / 
、、、J——卜 M e 、、、、./—
P
\\ 
Me、、/ ^ M e、 /
 V
s 
M e M e 
S-P-P-S -150.9° 149.5
0 
S [AE] 5.5380 5.5354 
E[Conf - X-ray] -0.6242 -0.6268 
Figure 4.4. Possible conformers of TMPS-m. 
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4.3 Carbon Compounds : 1,3,5-Trimethoxybenzene (1，3，5-TMB) and 
1,4-Dimethoxybenzene (1,4-DMB) 
H u et al.
 [4 3]
 has demonstrated that molecular structure can be constructed 
using
 1 3
C CST principal values. To evaluate the applicability of the local structure 
and conformation determination methods to carbon nucleus (CST principal values 
can be computed with higher accuracy), 1,3,5-TMB and 1,4-DMB were selected as 
test molecules. The molecular structures of 1,3,5-TMB and 1,4-DMB are shown in 
Figure 4.5. The
 1 3
C CST principal values
 [ 4 4 ]





obtained from the literature. The
 1 3
C experimental CST principal values were 









) - ^  [4.3] 
where a
i s o
(TMS) = 188.1 ppm







) = 3.7 ppm
 [ 4 4 ]
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Figure 4.5. Molecular structure (with labeled atoms) of 
(a) 1,3,5-TMB (b) 1,4-DMB 
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4.3.1 Local Structure 
To test the local structure determination method for carbon compound, three 
types of carbon atoms in 1,3,5-TMB (Table 4.9) and 1,4-DMB (Table 4.10) were 
selected. The local structure was optimized using Mod-1. All the
 1 3
C CST principal 
values were calculated using GIAO at the level B3PW91/D95**
 [43]
. The structure 
constraints and CST principal values of the X-ray and optimized structure are listed 
in Tables 4.11 - 4.12 and 4.13 - 4.16 respectively. In these tables, bond length is 
given in A, bond angles and dihedral angles are given in degree, whereas CST 
principal values are given in ppm. 
Table 4.9. Three types of carbon atoms selected from 1,3,5-TMB for local 
structure determination. 
Atom Type of carbon 
C1 Ring carbon bond to methoxy group 
C2 Ring carbon with no substituent 
M l Methoxy carbon 
Table 4.10. Three types of carbon atoms selected from 1,4-DMB for local 
structure determination. 
Atom Type of carbon 
C1 Ring carbon bond to methoxy group 
C2, C3 Ring carbon with no substituent 
M l Methoxy carbon 
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Table 4.11. Structure data of the X-ray and the optimized local structures of 
1，3,5-TMB for CI, C2 and Ml. 
Structure , ,, ” 
Atom . X-ray Mod-1 Mod-1 - X-ray 
constraints 
C-0 1.3594 1.4030 0.0436 
Bond length 
C-C 1.3741 1.4288 0.0547 
C-C-0 115.3 111.0 -4.3 
Bond angle 123.6 130.0 6.4 
C 1
 C-C-C 121.0 119.0 -2.0 
C-C-C-0 179.4 179.5 0.1 
178.5 -179.6 1.9 
Dihedral angle 八, 
C-C-C-C -2.0 -1.8 0.2 
0.0 1.9 1.9 
C-H 1.0734 1.0614 -0.0120 
Bond length C-C 1.3714 1.4433 0.0719 
1.3887 1.4260 0.0373 
C2 C-C-H 120.5 112.9 -7.6 
Bond angle 120.4 123.1 2.7 
C-C-C 119.1 123.7 4.6 
Dihedral angle C-C-C-C 3.2 2.1 -1.1 
C-H 1.0842 1.0794 -0.0048 
1.0842 1.0777 -0.0065 
B
°
n d l e n g t h
 1.0801 1.0837 0.0036 
C-0 1.4342 1.4493 0.0151 
M l C-O-C 118.5 110.9 -7.6 
O-C-H 110.9 111.6 0.7 
Bond angle … 5
 110.9 111.9 1.0 
105.5 104.1 -1.4 
Dihedral angle C-O-C-C 0.1 -154.1 -154.2 
-99 --
Table 4.12. Structure data of the X-ray and the optimized local structures of 
1,4-DMB for Cl，C2, C3 and Ml. 
Structure 
Atom X-ray Mod-1 Mod-1 - X-ray 
constraints 
C-0 1.3570 1.4416 0.0846 
Bond length C-C 1.3631 1.4316 0.0685 
1.4418 1.4385 -0.0033 
C-C-0 119.2 113.3 -5.9 
C 1
 Bond angle 120.6 126.4 5.9 
C-C-C 120.2 120.2 0.0 
Dihedral angle C-C-C-C 5.6 3.0 -2.6 
C-H 1.0765 1.0665 -0.0099 
Bond length 一^^^ 
C-C 1.3681 1.4489 0.0808 
C-C-H 118.4 122.9 4.6 
C2 
Bond angle 120.4 118.2 -2.2 
C-C-C 121.1 118.6 -2.5 
Dihedral angle C-C-C-C -5.5 -3.1 2.4 
C-C 1.4418 1.4287 -0.0131 
B
°
n d l e n g t h
 C-H 1.0714 1.0685 -0.0030 
C-C-C 118.5 117.1 -1.4 
C3 
Bond angle C-C-H 120.1 119.5 -0.6 
121.3 123.4 2.1 
Dihedral angle C-C-C-C 5.5 3.8 -1.7 
C-0 1.3544 1.3770 0.0226 
C-H 1.0894 1.0807 -0.0087 
B
°
n d l e n g t h
 1.0826 1.0900 0.0074 
1.0894 1.0809 -0.0084 
M 1
 C-O-C 120.9 100.8 -20.1 
O-C-H 112.4 113.5 1.1 
Bond angle 一 " 5
 107.0 106.9 -0.1 
112.4 113.5 1.1 
Dihedral angle C-O-C-C -179.3 -48.1 131.1 
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Table 4.13 Experimental and calculated CST principal values obtained from 
the X-ray and the optimized structures of 1,3,5-TMB. 
Atom aii Expt X - r a y M o d - 1 X-ray-Expt Mod-1 - Expt 
11 -57.60 -36.65 -52.83 20.95 4.77 
CI 22 16.40 19.23 -3.66 2.83 -20.06 
33 107.40 124.14 114.36 16.74 6.96 
11 29.40 37.67 1.71 8.27 -27.69 
C2 22 77.40 92.06 65.23 14.66 -12.17 
33 150.40 161.20 161.74 10.80 11.34 
11 97.40 107.76 90.48 10.36 -6.92 
M l 22 119.40 113.69 108.22 -5.71 -11.18 
33 172.40 184.18 175.03 11.78 2.63 
a
 Calculated from the X-ray structure (initial guess structure). 
Table 4.14 Experimental and calculated CST principal values obtained from 
the X-ray and the optimized structures of 1,4-DMB. 
Atom aii Expt X - r a y M o d - 1 X-ray - Expt Mod-1 - Expt 
lT~ -45.60 -30.65 -51.23 14.95 -5.63 
CI 22 25.40 31.30 -9.15 5.90 -34.55 
33 111.40 124.75 106.50 13.35 -4.90 
11~~ -9.60 1.24 -48.79 10.84 -39.19 
C2 22 53.40 67.53 30.38 14.13 -23.02 
33 156.40 176.08 174.19 19.68 17.79 
11 -1.60 -6.78 -32.14 -5.18 -30.54 
C3 22 47.40 62.64 56.48 15.24 9.08 
33 171.40 184.61 179.60 13.21 8.20 
n 102.40 113.43 91.28 11.03 -11.12 
M l 22 117.40 120.13 112.68 2.73 -4.72 
33 169.40 183.47 177.64 14.07 8.24 
a
 Calculated from the X-ray structure (initial guess structure). 
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Table 4.15. X[X-ray] and X[Conf| values of carbon atoms CI, C2 and M l in 
1,3,5-TMB. 
Atom MX-ray] A,[Opt] X[Opt] - X[X-ray] 
CI 13.51 10.60 -Z91 
C2 11.24 17.07 ^83 
M l 9.28 6.91 -237 
Table 4.16. A,[X-ray] and 入[Conf] values of carbon atoms CI, C2, C3 and M l in 
1,4-DMB. 
Atom X[X-ray] X[Opt] X[Opt] - A,[X-ray] 
CI 11.04 13.39 235 
C2 14.88 26.66 11.78 
C3 11.21 15.94 473 
M l 9.28 8.03 -L25 
For freely rotating methoxy groups in both 1,3,5-TMB and 1,4-DMB, large 
deviation of dihedral angle (M-O-C-C) of optimized local structure from the X-ray 
structure was observed. This result is in good agreement with that observed in the 
optimized dihedral angle S-P-C-0 of phosphorus compounds discussed in chapter 
three. For the benzene ring, the dihedral angle difference is small, ranging from -2.6° 
to 2.4°. The dihedral angle in the ring is locked by the ring structure. Thus, its change 
is anticipated to be small. 
From Tables 4.15 and 4.16，X[Opt] — MX-ray】 values of both the M l atoms 
are negative (1,3,5-TMB : -2.37 and 1,4-DMB : -1.25). It suggests that local structure 
determination can be applied to carbon atoms. For the ring carbon, X[Opt] of all 
carbon atoms are larger than their A,[X-ray], except CI in 1,3,5-TMB. As benzene 
involves the delocalization system which is not a local property, changing part of the 
benzene structure affect this system. Thus, determination of local structure of ring 
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atom is not applicable. 
4.3.2 Conformation 
For 1,3,5-TMB and 1,4-DMB, their standard conformers A to L were partially 
optimized at the level B3LYP/6-31+G** with fixed dihedral angles M-O-C-C listed 
in Tables 4.17 and 4.18 respectively. The energies of their X-ray structures were 
calculated at the same level. 
Table 4.17. The combinations of the three fixed dihedral angles (M-O-C-C) in the 
partial optimization of the standard conformers of 1,3，5-TMB. 
S t a n d a r d
 M1-0-C1-C6 M2-0-C3-C4 M3-0-C5-C4 
conformer 
A 0^ 0^ 30^ 
' B 30^ ^91 
c 60° 0^ 30^ 
D 90° 0^ 30^ 
E 120。 0^ 30^ 
F 150^ 30^ 
~ G 180^ 
H -150° 0^ 30^ 
I -120° 0^ 30^ 
~j -90° 30^ 
K -60° 0^ 30^ 
E -30° 0° 30° 
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Table 4.18. The combinations of the three fixed dihedral angles (M-O-C-C) in the 
partial optimization of the standard conformers of 1,4-DMB. 
Standard 
M 1 -O-C1-C6 M2-0-C4-C3 
conformer 
A 0^ 30^ 
B 30。 30^ 
C 60。 30^ 
D 90° 30^ 
E 120。 30^ 
F 150。 30^ 




I -120。 30^ 
J -90。 30^ 
K -60^ 30^ 
L -30^ 30^ 
The SGI energy of-OMe to benzene with different dihedral angle M-O-C-C 
was calculated according to the isodesmic reaction [4.4]. All the molecules, except 





 — - + 吼 
“ M e [4.4] 
Compound[OMe] 
By rotating the - O M e group with an increment 30°, Compound[OMe] A to L were 
formed. The dihedral angle M-O-C-C of Compound[OMe] A to L was fixed as same 
as M1-0-C2-C6 listed in Table 4.17. Compound[OMe] A to L were then optimized 
partially at the same level. The S[AE] was calculated as the sum of energy change of 
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reaction [4.4] with the combination of the M-O-C-C in the standard conformers A -
L. The calibration curve and the regression results are shown in Figures 4.6 and 4.7. 
The data of calibration curve for 1,3,5-TMB and 1,4-DMB are shown in Appendix 
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Figure 4.6. Calibration curve and regression result for 1,3,5-TMB. 
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Figure 4.7. Calibration curve and regression result for 1,4-DMB. 
-105 --
Using conformation search with M M method and force field M M + , both 
1,3,5-TMB and 1,4-DMB also had five conformations. The interaction energy of 
the - O M e was calculated according to the reaction [4.4] with the M-O-C-C fixed as 
the values of the five conformers. The E[AE] was then calculated and the E[Conf-
X-ray] was determined by the equations shown in Figures 4.6 (1,3,5-TMB) and 4.7 
(1,4-DMB). For both 1,3,5-TMB and 1,4-DMB, all the conformers found by M M 
have E[Conf - X-ray] value below 1 kcal mol"
1
. Hence, all the conformers were 
13 " “ 
partially optimized with all the dihedral angles fixed and their C CST principal 
values were calculated. The results are summarized in Tables 4.19 and 4.20. The 
M-O-C-C of the conformers are listed in Tables 4.21 and 4.22. Z[AE] and E[Conf— 
X-ray] values are listed in Tables 4.23 and 4.24. 
From Tables 4.19 and 4.20, both X[Conf|ave - X[X-ray]ave for 1,3,5-TMB and 
1,4-DMB are negative (1,3,5-TMB : -2.85 and 1,4-DMB : -3.53). It means that the 
"average structure" of the conformers for these two compounds is closer to the 
powder structure. It indicates that the method of conformation determination is 
applicable to carbon atom. 
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Table 4.19. Summary of the conformation results of 1,3,5-TMB. 
Atom CTii gexpt,ii C7x-ray，ii Crc0nf,ii Ox-ray’ii — ^expUi ^conf^i — gexpt,ii 
11 -57.60 -36.65 -47.17 20.95 10.43 
Cl 22 16.40 19.23 18.55 2.83 2.15 
33 107.40 124.14 118.92 16.74 11.52 
11 29.40 37.67 32.76 8.27 3.36 
C2 22 77.40 92.06 85.44 14.66 8.04 
33 150.40 161.20 168.79 10.80 18.39 
11 -57.60 -37.73 -43.58 19.87 14.02 
C3 22 16.40 19.94 17.26 3.54 0.86 
33 107.40 120.07 120.98 12.67 13.58 
11~~ 33.40 47.44 34.22 14.04 0.82 
C4 22 74.40 94.92 85.75 20.52 11.35 
33 181.40 186.57 168.08 5.17 -13.32 
11 -56.60 -40.92 -45.31 15.68 11.29 
C5 22 17.30 19.67 17.84 2.37 0.54 
33 107.40 120.64 119.95 13.24 12.55 
11 32.40 41.64 30.45 9.24 -1.95 
C6 22 77.40 94.73 84.79 17.33 7.39 
33 164.40 172.52 168.81 SA2 4.40 
11 97.40 107.76 105.24 10.36 7.84 
M l 22 119.40 113.69 112.18 -5.71 -7.22 
33 172.40 184.18 182.09 11.78 9.69 
11 97.40 106.11 99.58 8.71 2.18 
M 2 22 119.40 112.20 106.53 -7.20 -12.87 
33 172.40 184.59 183.62 12.19 11.22 
11 97.40 105.99 102.52 8.59 5.12 
M 3 22 119.40 112.49 109.36 -6.91 -10.04 










a Calculated by equation [4.2]. 
b Calculated by equation [4.1]. 
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Table 4.20. Summary of the conformation results of 1,4-DMB. 
Atom (J\i aexpt,ii C7x-ray,ii CrConf,ii ^X-ray,ii ~ ^expt,ii ^conf,ii “ <7expt,ii 
11 -45.60 -30.62 -34.22 -14.95 -11.38 
CI 22 25.40 31.30 27.91 -5.90 -2.51 
33 111.40 124.75 122.65 -13.35 -11.25 
11 -9.60 1.24 -10.57 -10.84 0.97 
C2 22 53.40 67.53 59.66 -14.13 -6.26 
33 156.40 176.08 174.23 -19.68 -17.83 
11 -1.60 -6.78 -3.32 5.18 1.72 
C3 22 47.40 62.64 63.16 -15.24 -15.76 
33 171.40 184.61 176.70 -13.21 -5.30 
11 -45.60 -30.66 -33.66 -14.94 -11.94 
C4 22 25.40 31.30 25.44 -5.90 -0.04 
33 111.40 124.75 124.02 -13.35 -12.62 
— 1 1 -9.60 1.27 -5.29 -10.87 -4.31 
C5 22 53.40 67.53 61.73 -14.13 -8.33 
33 156.40 176.09 173.74 -19.69 -17.34 
l T " -1.60 -6.79 -12.01 5.19 10.41 
C6 22 47.40 62.63 58.34 -15.23 -10.94 
33 171.40 184.60 171.30 -13.20 0.10 
lT~ 102.40 113.43 100.02 -11.03 2.38 
M l 22 117.40 120.13 106.49 -2.73 10.91 
33 169.40 183.47 183.15 -14.07 -13.75 
l T ~ 102.40 113.43 105.58 -11.03 -3.18 
M 2 22 117.40 120.13 112.81 -2.73 4.59 
33 169.40 183.47 181.45 -14.07 -12.05 
X [X-ray] ave 入[Conf] ave 




ve -入[X-ray� ave -3.53 
a Calculated by equation [4.2]. 
b Calculated by equation [4.1]. 
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Table 4.21. M-O-C-C of the five 1,3,5-TMB conformers. 
Conformation M1-Q-C1-C2 M2-Q-C3-C4 M3-Q-C5-C6 




 010^ 0.04° 
3 93.35° 179.87° 0.47。 
4 93.02° 179.92° 179.94° 
. 5 0.35° 0.60° 93.73° 
Table 4.22. M-O-C-C of the five 1,4-DMB conformers. 
Conformation M1-Q-C1-C6 M2-Q-C4-C3 
1 180.0° 0.0° 
2 0.0° 179.9° 





5 94.3° 0.5° 
Table 4.23. E[AE] and E[Conf-X-ray] values of the five 1,3,5-TMBconformers 
Conformation E[AE] E[Conf-X-ray] 
1 -25.8291 -2.8739 
' 2 -25.8291 -2.8739 
3 -22.8252 0.1538 
4 -22.7590 0.2205 
5 -22.7543 0.2252 
Table 4.24. E[AE] and E[Conf- X-ray] values of the five 1,4-DMBconformers 
Conformation E[AE] E[Conf-X-ray] 
1 -17.2195 -9.0417 
2 -17.2193 -9.0416 
1 -17.2194 -9.0416 
4 -14.2205 -6.7418 
5 -14.2149 -6.7375 
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4.4 Conclusion 
The method of the local structure determination using
 3 1
P CST principal 
values is applicable to determine the whole structure, provided that there is sufficient 
experimental CST data. More accurate results can be obtained by Mod-2 and Mod-3. 
The results from 1.3.5-TMB and 1,4-DMB indicate that the same method can be 
applied on carbon compound. For benzene, determination of the local structure of 
ring atom is not applicable. 
Conformation determination shows that the "average structure" of 
conformers is closer to the powder structure which is indicated by the CST principal 
values. For TMPS, the average of dihedral angle of the conformers agrees with the 
results of the optimized structure using
 3 1
P CST principal values. The results of 
conformation determination of 1,3,5-TMB and 1,4-DMB show that the proposed 




Computational methods of local structure and conformation determinations 
i 2 
are introduced. A series of phosphorus compounds, Me2P(S)C(OH)R R , were 
selected to evaluate the two methods. Starting with X-ray structure, the local 
structures of the phosphorus compounds were rebuilt using 31P CST principal values. 
The optimized local structures were similar to their X-ray structures, except for the 
predicted dihedral angle (S-P-C-O). Conformation issue accounts for the large 
deviation in dihedral angle from the optimized structure to the X-ray structure. 
Based on the SGI energy, the energy difference between X-ray structure and 
conformers were determined from the calibration curve. For those conformers having 
E[Conf — X-ray] value 1 kcal mol"
1
, they were partially optimized with all the 
dihedral angles fixed and their CST principal values were then calculated. The 
comparison of 入[Conf] and ^[X-ray] shows that conformation issue is important in 
powder. 
The factors, affecting the observed CST principal values, are divided into two 
types: direct (inter-molecular interaction) and indirect (conformation) influences. 
Inter-molecular hydrogen bond affects the CST principal values directly by the 
influence of the electron distribution. Two types of inter-molecular hydrogen bond 
(O-H—S and C-H---S) show similar effect on the CST principal values, regardless 
the degree of influence. The stronger the hydrogen bond, the higher will be the 
degree of influence to the CST principal values, especially for the hydrogen bond 
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aligning closely along the orientation of the CST. From the results of conformation 
determination, the observed CST is indirectly affected by averaging the CST 
principal values of the possible conformers. 
Twenty four computational levels have been evaluated by comparison of the 
calculated and experimental CST principal values. Electron correlation is found to be 
important in
 13
P CST principal values calculation for double zeta basis sets. Addition 
of d polarization function to double zeta basis sets further improves the results. 
Taking consideration of the accuracy and C P U time, B3LYP/6-31G(2d) is selected to 
calculated
 3 1
P CST principal values. It further finds that a 2 ppm experimental error 
would cause 0.007 A inaccuracy in bond length, 0.8 degrees in bond angle and 10 
degrees in dihedral angle. 
Structure of T M P S was determined from its experimental CST principal 
values. Because of having two phosphorus atoms and the small molecular size, the 
whole structure of T M P S can be determined using the method of local structure 
determination. The optimized structures were similar to the X-ray structure. It 
indicated that the whole structure can be determined if there are sufficient 
experimental CST data. In conformation determination, the average of S-P-P-S of the 
conformers found was in good agreement with the optimized structures. 
Besides phosphorus nucleus, local structure and conformation determination 
methods were applied to carbon nucleus. 1,3,5-Trimethoxybenzene was selected to 
evaluate the applicability of the proposed methods. Similar results to the phosphorus 
compounds were obtained for both methods. For Local structure determination, 
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1 o # 
results show that C CST data can be used to determine the local structure except for 
the ring carbon involved in delocalization. The results of conformation determination 
show that the proposed method can be applied to the carbon nucleus which CST 
principal values can be calculated with higher accuracy. 
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Appendix VIII 









I 15.70 32.65 12.81 
‘ 2 35.59 21.34 -0.35 
3 44.08 45.59 65.39 
4 -6.79 44.93 63.09 
5 32.29 28.46 15.43 
6 23.19 24.73 12.55 
7 [PI] 27.28 8.80 54.30 
7 [P2] 16.46 12.70 70.47 
8 17.46 14.63 41.71 
9 20.84 29.07 45.40 
10 [PI] 24.24 13.64 46.56 
10 [P2] 25.56 1^09 47.48 
II -3.34 -11.60 77.89 
12 [PI] 24.48 33.64 38.64 
12 [P2] 24.48 33.64 38.64 
13 [PI] 21.17 24.40 35.83 
13 [P2] 21.17 24.40 35.82 
14 [PI] 26.20 5A\ 105.66 
14 [P2] 26.44 5AI 105.18 
15 [PI] 26.48 -7A1 95.32 
15 [P2] 26.72 -7A5 95.54 
16 [PI] 26.29 ^03 71.40 
16 [P2] 26.29 6 M 71.40 
17 [PI] 24.29 -0.34 71.97 
17 [P2] 24.29 -032 71.96 
18 [PI] 27.71 12.21 88.67 
18 [P2] 27.71 1221 88.67 
^
9
 12.25 11.99 17.73 
-1.50 10.68 15.87 
21 20.53 7A4 42.52 
• 25.51 13.22 35.50 
23 27.17 28.08 42.56 
a Aa\\ (in ppm) = calculated a - experimental a. 
-114 -
Appendix VIII 
Table A-2. Data for the calibration curve of compound 1. 
Standard conformer E[AE] E[Conf — X-ray] 
A 0.2204 -0.0176 
B -1.1246 -2.7855 
C 4.6237 2.5751 
D 4.0393 2.4760 
E 3.8505 3.8352 
F 1.5391 0.7158 
• G -0.8702 -2.4062 
H 0.7986 -0.1962 
I 1.9418 2.1455 
J 0.5897 -0.5583 
K -1.1087 -3.5048 
L -1.1167 -2.7855 
Table A-3. Data for the calibration curve of compound 2. 
Standard conformer E[AE] E[Conf- X-ray] 
A 0.6546 -1.1475 
B -0.8263 -3.7705 
C 5.0794 1.8780 
D 4.4057 1.7597 
' I 4.3905 3.0097 
~F 1.9051 -0.0729 
~ G -0.4843 -2.7905 
H 1.1472 -0.9022 
I 2.4797 1.4363 
J 0.9612 -1.2503 
K -0.6526 -4.2933 
~L -0.8143 -3.7713 
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Table A-4. Data for the calibration curve of compound 3. 
Standard conformer Z[AE] EfConf-X-ray] 
A -0.2980 1.2871 
B -1.4457 -1.4143 
C -0.4101 -0.9282 
D 6.1024 8.4150 
E 6.4184 9.6603 
F 6.2794 9.1744 
G 4.8552 6.3327 
H 4.0554 8.9080 
I 3.9937 9.2810 
J 1.9986 5.0267 
K -0.6028 0.0853 
L -1.2482 -0.0027 
Table A-5. Data for the calibration curve of compound 4. 
Standard conformer E[AE] E[Conf-X-ray] 
A 2.0716 -4.3488 
B 1.8392 -6.3607 
C 2.4636 -6.7224 
D 9.3129 4.8859 
E 7.8993 4.8291 
F 7.2257 4.2773 
G 6.7567 0.5338 
H 7.3741 2.1413 
I 8.2209 4.6455 
J 7.0603 2.2587 
K 1.6167 -5.6780 
L 0.0331 -7.4813 
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Table A-6. Data for the calibration curve of compound 5a. 
Standard conformer E[AE] E[Conf - X-ray] 
A -3.6688 -5.3347 
B -4.2905 -6.5979 
C -2.7121 -4.7979 
D 0.3813 0.0322 
E 2.1038 2.7006 
F 3.1429 3.0908 
G 3.6086 3.5948 
' H -1.2461 -3.6018 
I 6.2356 7.4984 
J 3.1623 3.9192 
K 0.5024 0.4084 
L -2.9874 -4.4898 
Table A-7. Data for the calibration curve of compound 5b. 
Standard conformer E[AE] E[Conf - X-ray] 
A -3.6682 -5.2739 
B -2.9932 -4.4289 
C 0.4896 0.4704 
5 3.1683 3.9804 
E 6.2013 7.5601 
" F -1.2464 -3.5407 
~ G 3.6128 3.6558 
H 3.1625 3.1519 
I 2.1102 2.7616 
J 0.3733 0.0933 
K -2.7078 -4.7367 
~L -4.2866 -6.5368 
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Appendix III 
(a) P3-P4 (P3) 
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Figure A-l. Calculated CST principal values as a function of a hypothetical P-P bond length, 
(a) P3-P4 (P3), (b) P3-P4 (P4). 
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(a) P3-S1 (P3) 
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(a) P3-S1 (P4) 
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Figure A-2. Calculated CST principal values as a function of a hypothetical P-S bond length, 
(a) P3-S1 (P3), (b) P3-S1 (P4). 
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Figure A-3. Calculated CST principal values as a function of a hypothetical P-C bond 
length, (a) P3-C7 (P3), (b) P3-C7 (P4). 
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Appendix IV 
(a) C5-P3-C7 (P3) 
450 r 
• • 瀣 血 愈 激 • 淼 矗 A 森 淼 金 戚 • 麁 i k A 血 • • 
4 0 0
 “ • Sigma 11 
350 - 鼸 sigma 22 
I. 300 -
 A
 sigma 33 
O. 





S 150 - sigma 11 sigma22 sigma33 




R2 = 0.9999 R2 = 0.9965 R2 二 0.9997 
50 ‘ 
Q I I I 1 1
 1 
106.5 107.0 107.5 108.0 108.5 109.0 109.5 
Bond angle / degree 
(b) C5-P3-C7 (P4) 
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Figure A-4. Calculated CST principal values as a function of a hypothetical C-P-C bond 
angle, (a) C5-P3-C7 (P3), (b) C5-P3-C7 (P4). 
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(a) S1-P3-P4 (P3) 
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(a) S1-P3-P4 (P4) 
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. Figure A-5. Calculated CST principal values as a function of a hypothetical S-P-P bond 
angle, (a) S1-P3-P4 (P3), (b) S1-P3-P4 (P4). 
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Appendix V 
(a) S1-P3-P4-S2 (P3) 
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(b) S1-P3-P4-S2 (P4) 
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Figure A-6. Calculated CST principal values as a function of a hypothetical S-P-P-S 
dihedral angle, (a) S1-P3-P4-S2 (P3), (b) S1-P3-P4-S2 (P4). 
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Appendix VIII 
Table A-8. Data for the calibration curve of TMPS. 
Standard conformer E[AE] E[Conf — X-ray] 
. A 14.9750 10.0012 
B 13.9693 7.8465 
C 11.9525 4.7246 
D 9.5163 3.3945 
E 8.1609 3.1975 
F 6.9143 0.8092 
G 6.3212 -0.9333 
H 6.9261 0.8081 
I 8.1611 3.1964 
J 9.5036 3.3945 
K 11.9528 4.7243 
L 13.9795 7.8468 
Appendix VII 
Table A-9. Data for the calibration curve of 1,3,5-TMB. 
Standard conformer Z[AE] E[Conf- X-ray] 
A -16.1990 -8.2717 
B -15.1784 -7.4254 
C -13.5931 -6.2313 
D -13.1939 -6.0329 
I -13.5148 -6.1137 
F -15.0611 -7.3224 
G -16.1989 -8.3550 
H -15.0611 -7.3880 
I -13.5148 -6.1639 
J -13.1939 -6.0537 
K -13.5931 -6.2743 
. L -15.1784 -7.4491 
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Appendix VIII 
Table A-10. Data for the calibration curve of 1,4-DMB. 
Standard conformer Z[AE] E[Conf-X-ray] 
A 14.9750 10.0012 
B 13.9693 7.8465 
C 11.9525 4.7246 
D 9.5163 3.3945 
E 8.1609 3.1975 
F 6.9143 0.8092 
G 6.3212 -0.9333 
H 6.9261 0.8081 
‘ I 8.1611 3.1964 
J 9.5036 3.3945 
K 11.9528 4.7243 
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